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Chapter 1: GENERAL INTRODUCTION 
Introduction 
Water is the most precious natural resource that exists on our planet. Comprising over 70% 
of the Earth's surface, water offers a wide range of uses to mankind, such as domestic, 
industrial, and, agricultural. At present, quality of water is the nation's largest issue with 
concerns for alarming death rates of aquatic organisms, human health hazards, and aesthetic 
beauty of world's famous water bodies. Due to these hazardous consequences to the water 
resources, the awareness is spreading globally. Although we as humans recognize this fact, 
we often disregard this issue by polluting our rivers, lakes, and oceans. With respect to 
growing public awareness to combat water pollution, U.S. Environmental Protection Agency 
enacted a law in 1972 called Clean Water Act (CWA), as an establishment towards surface 
water quality protection in the United States. As a requirement of CWA 303(d) law, the EPA 
in 1998 recognized more than 20,000 waters nationally that do not meet state water quality 
standards. 
Water pollution can be classified as of two types, point- and non-point source pollution. 
Industrial discharges form the basis for point source pollution. In the case of point-source 
pollution, the inputs are readily identifiable as the waste is discharged to the receiving waters 
from a pipe or drain. Non-point source (NPS) pollution is a major cause of degradation of 
surface water quality. NPS pollution is caused by water movement over and through the 
surface of the land (Subra and Waters, 1996). The surface runoff transports natural and man-
made pollutants into the rivers, streams, lakes, wetlands, coastal waters, and ground water. In 
order to combat pollution arising from diffuse sources, the government is taking considerable 
measures towards addressing NPS by means of employing best management practices 
(BMPs) such as terraces, vegetated waterways, and constructed wetlands to help remove 
pollutants from surface water runoff. 
Agricultural production and NPS pollution are very closely related. The transport of the 
sediments, and a range of applied agrochemicals from the agricultural fields into the surface 
water bodies, amount to one of the major environmental threats. Controlling the amount of 
the agrochemicals and the sediments available for potential loss to the environment by 
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planting close growing vegetation or tall, stiff grasses, known as vegetative filter strips, 
forms one of the significant BMPs that helps reduce the transport of these substances to 
receiving waters. Vegetative filter strips (VPS) are the bands of planted or indigenous 
vegetation situated down slope of cropland or animal production facilities to filter nutrients, 
sediment, organics, pathogens and pesticides from agricultural runoff before it reaches a 
water system (Dillaha et al., 1989). According to Natural Resources Conservation Service 
practice standard, Code 393 Filter Strip, VPS is defined as a strip or area of vegetation for 
removing sediment, organic matter, and other pollutants from runoff and wastewater. These 
have been considered to be effective in reducing the sediment delivery by slowing down the 
runoff velocity and filtering sediment (Neibling and Alberts, 1979; Van Dijk et al., 1996). 
The transport of applied agrochemicals occurs as a result of heavy rainfalls or huge amounts 
of overland flow. The friction of the vegetation reduces the velocity of the runoff. VPS act as 
an impediment to the movement of the suspended solids in the runoff, hence promoting their 
settling. As a consequence, the suspended solids, typically greater than forty microns in size 
settle through sedimentation. However, the remaining small-size of aggregates are difficult to 
remove by filtering, as even relatively low levels of turbulent energy keeps finer sediment in 
suspension (Gharabhaghi et al. (2001)). Grasses protects the surface from splash erosion / 
rain drop impact which also helps combat pollution. Dosskey et al. (2002) concluded that 
efficiency of VPS reduces due to runoff concentration. The use of VPS has been proven to be 
an efficient practice to filter pollutants from runoff leaving the agricultural lands. One 
disadvantage that this management practice renders is that its employment displaces land 
under crop, eventually minimizing the crop production. It also requires regular maintenance 
to maintain its effectiveness over time. Although many studies have evaluated the 
effectiveness of VPS using simulated and natural rainfall studies, few have evaluated the 
effectiveness of design of VPS from a watershed systems standpoint. Therefore, it is 
important to assess the effectiveness of the VPS in removal of the sediments and nutrients 
from the runoff for VPS that have been in-place for several years. The effectiveness of the 
strip is dependent on the width, types of vegetation, age, level of development and many 
other factors. The quantification of the effectiveness of a VPS also helps to quantify the 
amounts of the sediments and the chemical runoff averted from the waterways. 
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Literature Review 
The following section discusses the key literature related to various aspects of the use of 
VPS, such as hydraulic characteristics, sediment/pesticide removal, and their effectiveness/ 
ineffectiveness due to various factors. 
Hydrology & Characteristics of VFS 
There are studies that quantify the effectiveness of VFS in terms of length, slope and 
hydraulic characteristics. Here are some of those studies which proved to be helpful in better 
understanding these quantitative characteristics of VFS. 
Gharabhaghi et al. (2001) studied the variations in sediment removal efficiency with 
variation in flow-path of VFS. Lengths of 2.44, 4.88, 9.67 and 19.52 m were considered for 
1.22 m wide field with a slope 5.1-7.2%. From 58 runs of experiments and 348 runoff 
samples, it was concluded that the first five meters play a significant role in removal of the 
suspended solids and aggregates greater than 40 microns in runoff. It was found that the 
performance of the VFS doesn't increase by appreciable margin by increasing the flow-path 
length beyond 10 m. High turbulence keeps finer particles in suspension, which makes it 
difficult to remove them from runoff. However, the study emphasized that infiltration seems 
to be the only mechanism that helps in the removal of the smaller size sediments. The VFS 
model VFSMOD was calibrated and validated using the observed data from the field 
experiments. The model was observed to possess high accuracy in predicting the sediment 
removal efficiencies of the VFS. 
Lee et al. (2003) conducted a study to determine the effectiveness of a multi-species riparian 
buffer in removing NPS pollutants carried by cropland runoff. The experimentation involved 
installation of three plots where each of the cropland source areas was matched with no 
buffer, switchgrass buffer (7m) and a switchgrass/ woody plant buffer (16.3m). Sediment 
removal efficiencies greater than 95% and 97% were seen for the switchgrass and 
switchgrass/woody buffer, respectively. This difference in removal efficiency was attributed 
to added length in case of switchgrass/woody buffer which increases the infiltration. This 
study is a perfect example of functional differences between the long and short buffers. 
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Sediment transported through the no buffer treatment was 13 times more than that from 
switchgrass/woody buffer. Sediment size distribution was found to be another significant 
factor that determines the performance of VFS. In this case, more than 90% of the sediment 
in the surface runoff from the buffered plots was in the <0.05 mm size fraction. During 
infiltration of nutrients, suspended fine soil particles with adsorbed chemicals also enter the 
profile thus decreasing the surface runoff and sediment transport capacity. 
M. Abu Zreig et al. (2004) conducted twenty field experiments to study sediment removal in 
VFS with variations in filter length, filter slope and type of vegetation. Experiments were 
conducted with incoming sediment load of 2700 mg/1 on filter lengths of 2, 5, 10 and 15m., 
slope of 2.3 and 5% and three different types of vegetation. It was concluded that the length 
of the filter was most important factor affecting the VFS sediment trapping efficiency. It was 
observed that increase in length of filter beyond 10 m didn't increase the sediment trapping 
efficiency. Due to sediment trapping efficiency being practically identical for lengths 10 m 
and 15 m, exponentially decreasing trend between sediment trapping efficiency and length 
beyond 10m was seen. The sediment trapping efficiency was observed to increase with 
decrease in inflow rates and decrease in soil-water content of soil due to enhanced 
infiltration. Although, vegetation has a secondary effect on sediment trapping efficiency, 
greater vegetation densities resulted in less erosion and less transport capacity of the runoff, 
eventually leading to greater settling of the sediments. 
c/wzmcfenj'fzc.s' 
Infiltration is the underlying mechanism responsible for the trapping of the suspended solids 
and applied chemicals carried by the runoff. Infiltration is the downward entry of the water 
into the soil profile. Gharabhagi et al. (2001) stands by the fact that infiltration is the sole 
mechanism that helps the removal of smaller sized sediments. The vegetative cover helps in 
reducing the velocity of incoming runoff and increases the residence time, the time for water 
to infiltrate. Consequently, ponding occurs at the upstream end of the filter and some of the 
sediments and suspended solids get filtered out as the water flows through the filter and 
settles on the top of the filter. Stem diameter, density, stiffness and hedge width also affected 
the depth of ponding (Meyer et al., 1995). 
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Ree et al. (1949) studied the hydraulic characteristics of vegetation. It was observed that 
Manning's coefficient (n) decreased as the submerged grass in a waterway bent over owing 
to high flow rates. Due to the bending of the grasses, there was a decrease both in the 
turbulence creating ability of the stems and area blocking effect. Whereas, in the case of the 
non-submerged channel, grass stood erect that helped to retard the flow in a better way. He 
indicated that grass remained erect until submergence was complete. In other words, the 
study concluded that the non-submerged conditions formed an ideal case for maximum flow 
retardation and the minimum sediment transport capacity. 
Van Dijk et al. (1996) identified the use of grass vegetation as grass hedges, grass strips, 
buffer zones and grass channels as an effective measure to reduce sediment transport to 
surface waters. This study discussed the retention of water and sediment in each of these field 
arrangements and concluded that the underlying mechanism was same for all the 
arrangements, for example infiltration and sedimentation. Experiment was conducted so as to 
derive the comparative results regarding the sediment trapping efficiency of grasses with two 
different ages and agricultural management practice. It was seen that the older grass was 
much more effective in reducing erosion than the younger grass which was credited to 
frequent mowing activities. Certain differences in the water retention of two grasses were 
observed which were attributed to difference in the grass density at two locations. Sediment 
trapping efficiency of grass filters of length 1, 4-5 and 10 m was recorded as 50-60, 60-90, 
and 90-99%, respectively. 
M. Abu Zreig (2001) studied the factors affecting VFS performance using computer 
simulation by means of VFSMOD. Length of the filter was seen to have the greatest effect on 
sediment trapping. It was observed that sediment trapping efficiency decreases exponentially 
beyond 10 m. Greater vegetation densities, and therefore a greater Manning's roughness 
coefficient (n) resulted in greater contact time between the runoff and vegetation resulting in 
less erosive power and less transport capacity of the runoff and therefore, greater trapping 
efficiency. Also, the effect of length of the filter was seen in combination with 'n', and it was 
concluded that practicality of situation lied with the fact that higher trapping efficiencies 
could be achieved by increasing the length of the filter more than maintaining a good 
vegetation cover. Filter performance also depended on the size of the incoming sediment. 
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Trapping efficiencies of 0% and 47% for clay particles over filter lengths of 1 m and 15 m, 
respectively, were observed through experimentation which implied that smaller sized 
particles took a longer length to filter out. Different soil types have different saturated 
hydraulic conductivities which have a significant effect on trapping efficiency by effecting 
infiltration. 
Young et al. (1980) performed a two year study to evaluate the effectiveness of VFS to 
remove the pollutants in runoff from livestock feedlots under simulated rainfall conditions. 
Experiment was conducted on a field 111.25 m X 54.86 m and 6 VFS strips, each 4.06 m 
wide and 41.15 m long with 4% slope. Out of the length of 41.15 m, 13.72 m laid within the 
feedlot. Cropped fields of corn, orchardgrass, sorghum-sudangrass and oat plots were used to 
reduce the runoff, total solids and nutrients. The results showed that the total nitrogen, NH4-
N, total Phosphorus and PO4-P were seen to have reduced by 84, 63, 83 and 76%, 
respectively. Suspended sediment was reduced by 86, 66, 82 and 75 % for the corn, 
orchardgrass, sorghum - sudangrass, and oats, respectively. It was seen that NO3-N values 
rose up, which was attributed to collection of NO3-N by runoff from sorghum-sudangrass and 
oat plots. In the case of corn, the reductions in runoff, nutrient and suspended sediment were 
appreciably higher than reductions from other fields. This was credited to across the slope 
plantation of the corn. As the runoff passed through the VFS, a decrease in the indicator 
organisms in runoff was seen. In this case, a length of 36 m was seen to be sufficient enough 
to reduce nutrients, micro-organisms, and suspended solids in feedlot to acceptable levels. 
Magette et al. (1989) experimented to study the effectiveness of VFS in nutrient and 
sediment removal. Urea-Ammonium-Nitrate, a source of N and broiler litter was applied to 
22 m X 5.5 m field at the rate of 112 kg N/ha and 8.9 wet metric tons/ha respectively. VFS of 
lengths 4.6 m and 10 m were employed in each set of experiment. The field soil was rich in 
P; therefore, no supplemental P was applied. This study assumed P movement to be 
dependent on total soluble solids (TSS) transport; whereas N would move in soluble form. 
The results showed higher losses of P during UAN tests than with the broiler litter tests. This 
was attributed to the mulching effect of the litter, which eventually minimized the TSS 
losses. Losses of TN, TP and TSS were seen to decrease by 0, 27 and 66%, respectively, with 
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the use of VFS. This clearly indicated that VFS was not as effective in removing the nutrients 
from cropland runoff as in removing suspended soils. 
There are factors like concentrated flow or non-uniform distribution of flow that limit the 
performance of VFS. Some of the studies that were considered this are discuss in the 
following section. 
In a study by Meyer et al. (1995), strips of tall, stiff grasses were planted across the slope in 
order to study their sediment trapping efficiency. It was observed that the practice of 
perpendicular planting helped achieve higher trapping efficiencies by retarding the flow 
concentration. Flow concentration was seen to have a detrimental effect on the filtering 
effectiveness of the VFS. The experimentation carried out helped them to understand the 
hydrology involved in sediment removal. It was seen that the grasses retarded the flow, as a 
result of which there was a hydraulic jump formation several meters upslope of the hedge 
which apparently, led to the deposition of the incoming sediment. The formation of the 
hydraulic jump and sediment deposition further helped the flow retardation and deepened the 
ponded flow. Sediment trapping resulted mostly from the upslope ponding due to grass 
hedges rather than by filtering action. It was concluded that the sediment trapping was 
primarily a result of sufficient settling time in the ponded flow and was not because of the 
failure of sediment to pass through the voids in the grass. Results emphasize the effectiveness 
of stiff grasses with trapping efficiencies as high as 80% for sand-sized sediment. This 
clearly implied that the trapping effectiveness was largely dependent upon the size 
distribution of the incoming sediment and one should require longer path lengths for fine silt 
or clay-sized sediment. 
Dosskey et al. (2002) conducted an assessment of the riparian buffers. It was seen that 
concentration of flow from agricultural fields considerably hampered the potential of the 
riparian buffers to remove pollutants. Concentration/non-uniform distribution of flow 
occured when runoff met only a small fraction of the gross area, due to factors like 
topography, and flow rate. The methodology employed four study farms for studying the 
impact of the flow on sediment trapping efficiency, evaluated with the help of a numerical 
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model using regression equations, based on the ratio of the buffer area to field runoff area. 
This model yielded trapping efficiencies of 99%, 67%, 59% and 41% in contrast to 43%, 
15%, 23% and 34% for uniform and non-uniform flow conditions, respectively, with all other 
parameters held constant. It was noted that sediment trapping could only be improved by 
avoiding concentrated flow, which is generally caused due to the deposition of the soils from 
channelization activities within the buffer zone or uneven topography. 
Pesticide Retention 
Pesticides can be applied in various ways, such as aerial spraying, incorporation or injection 
into the soil or application in solution form. Similarly, these have various loss pathways such 
as volatilization or aerial drift, adsorption onto the soil particles, degradation into simpler 
forms over period of time. But the loss of pesticides as runoff to surface water bodies or 
leaching into groundwater profile is the one that is of major concern to environmentalists. 
The fate and transport of pesticides is largely dependent on their chemical properties, like 
adsorption, solubility, persistence, and volatility. The pesticides that are highly soluble have a 
tendency to leach down to groundwater profile, while the ones which are highly volatile 
vaporize during application. There are many factors that influence the fate and 
transformation of the pesticides. Several of these factors will be describe in the following 
sections. 
When a pesticide is applied to the soil, some of it will stick to soil particles, through a 
process called adsorption. Some of the pesticide will dissolve and mix with the water 
between soil particles. The active sites for sorption of the pesticide are mainly the clays and 
soil organic matter. As more water enters the soil, through rainfall or irrigation, the adsorbed 
pesticide molecules may be detached from soil particles through a process called desorption. 
The solubility of a pesticide and its sorption on soil are inversely related; which means, the 
more soluble the pesticide, the less tendency there is to be adsorbed/sorbed. The pesticides 
that are highly soluble have an affinity to leach down through the soil to the groundwater and 
are referred as, weakly adsorbed pesticides. These can also be lost to surface waters due to 
high amounts of irrigation water or due to overland flow resulting from heavy rainfalls. The 
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strongly adsorbed pesticides do not readily leach to the underground water but can be found 
bound to the soil particles. There is another type of pesticides called moderately adsorbed. 
Infiltration is the key process for retention by the buffer strips for moderately adsorbed 
pesticides (Arora et al., 1996). Furthermore, adsorption is also affected by various factors, 
such as the partition coefficient, persistence, and vapor pressure. 
One of the most useful indices for quantifying pesticide adsorption on soils is the partition 
coefficient (Koc). The Koc value is defined as the ratio of pesticide concentration in the 
adsorbed-state and the solution-phase. Thus, for a given amount of pesticide applied, a 
smaller Koc value implies greater concentration of pesticide in solution, or in other words, 
the more soluble the pesticide. Pesticides with small Koc values are more likely to be leached 
compared to those with large Koc value. 
Pens-M-feMce 
Another important factor in deciding the fate of the pesticides is persistence. This factor is 
commonly evaluated in terms of half-life, which is the time that it takes for pesticide to reach 
its half concentration through degradation/transformation. Pesticides with longer half-lives 
are considered to be persistent. Pesticides are classified as follows, on the basis of their 
persistence: 
• Non - persistent: 30 days or less than that. 
• Moderately persistent: Longer than 30 days but less than 100 days 
• Persistent: Longer than 100 days. 
Vapor Pre&ywre 
Pesticides with high vapor pressures are generally not recommended for application. This is 
because the greater the vapor pressure, the greater the fraction of the molecules that can 
escape the liquid by gaseous diffusion. 
Soil properties like hydraulic conductivity, organic matter content and structure are important 
factors to determine the fate of the pesticides. Coarse - textured soils have higher hydraulic 
conductivities than for finer - textured soils. The travel time of the dissolved pesticide is 
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shorter in coarse - textured soils than in finer - textured, because of the fine pores and slow 
permeabilities in the case of fine - textured soils. Therefore, the chances for pesticide to 
leach down easily are more likely in the case of coarse - textured soils. Also, high clay and 
organic matter content of the fine - textured soils leads to greater sorption as compared to 
coarse - textured soils, which makes pesticides less susceptible to leaching in case of fine-
textured soils. Soil structure is another factor that has a significant effect on fate of the 
pesticides. Macropores or wide cracks established by earthworms or farm machinery 
operations help in the preferential movement of the pesticides through the soil profile to the 
underground water resources. In such cases, pesticides lose the opportunity to be adsorbed. 
Site conditions should also be considered when assessing VFS. From the study of Gilliam et 
al. (1993), it was found that in the case of a shallow vadose zone, which is prevalent mostly 
in humid areas, pesticides get less opportunity to get adsorbed. The nature of underlying 
strata governs the direction and rate of chemical movement. If this stratum is a permeable 
layer, leaching is easier and the chemical generally follows vertical direction in contrast to a 
hard pan or an impermeable stratum, which would actually contribute to lateral flow of 
shallow groundwater, hence polluting the surface waters. Sometimes, cracks and fractures 
convey water rapidly. Warmer weather conditions accentuate the rate of chemical, biological 
and physical processes involved in the fate of the pesticides such as microbial degradation, 
and, volatilization. 
BMPs can involve the use of site specific and crop specific pesticides. The amount and time 
of application needs are especially taken care of. 
Baker and Laflen (1979) studied the combined effect of wheel track compaction and method 
of incorporation on runoff losses of herbicides, namely, propachlor, atrazine and alachlor. A 
rainfall simulation study was carried out with 122 mm of rainfall on nine plots each 1.5 m X 
9.1 m on Clarion sandy loam soil. The experiment was conducted both with surface 
applied/soil incorporated herbicide application and with/without wheel tracks to deduce 
results regarding the effect of two factors. The pesticide losses that were measured from plots 
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with wheel tracks were about 3.7 times higher than those from plots without wheel tracks 
where the herbicides were applied to a soil surface. It was concluded that incorporation 
practice for herbicides is superior to surface application/broadcasting as the herbicide losses 
in surface applied plots were around 3.5 times larger than those from plots with incorporated 
herbicides by disking. 
Arora et al. (1996) carried out a study to investigate herbicide retention by VFS from runoff 
at the Swine Nutrition Center, Iowa State University for two years under natural rainfall 
conditions. Six VFS, 1.52 m wide X 20.12 m long downstream of 0.41 ha of source area 
were established with brome grass to study the performance of buffer strips in retaining the 
three herbicides, namely atrazine, metolachlor and cyanazine present in runoff. Also, the 
effect of drainage to buffer strip ratio of 15:1 and 30:1 on herbicide retention was another 
objective of the study. Herbicide concentrations associated with water was seen to fall in 
outflow compared to inflow which indicates retention/adsorption by soil and plant surfaces. 
The average K (adsorption/partition coefficient) values were seen to be 22, 18 and 15 in later 
runoff events in contrast to 15, 10 and 8 in first five events. Values > 8 indicate higher 
herbicide concentrations as adsorbed to sediment than in solution. The results showed that 
herbicide concentration associated with sediment higher in outflow than inflow for 
metalachlor, unlike atrazine and cyanazine. This was accredited to the difference in the 
adsorption properties of these herbicides. No appreciable difference was seen in the percent 
retentions for different area ratios, most likely due to the characteristics of the moderately 
adsorbed herbicides, which follow similar processes of infiltration and interception-
adsorption. Sediment retention efficiencies of the studied buffer strips were seen to vary 
between 40 and 100%. 
Patty et al. (1997) studied the effectiveness of buffer strips to remove pesticides, nitrate and 
soluble phosphorus compounds from runoff water by conducting experiments on three 
research farms at Brittany, France with VFS of 6, 12 and 18 m length perpendicularly sown 
with rye. Pesticides isoproturon, atrazine, diflufenican and lindane were used. Isoproturon 
and atrazine are water-soluble and moderately adsorbed on soil in contrast to Diflufenican 
and lindane, which have very low solubility in water. The results showed loss reduction of 72 
to 100%, 44 to 100% for lindane and atrazine, respectively. It was observed that more than 
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99% and 97% were trapped for isoproturon and diflufenican, respectively. The results 
showed that the pesticide losses depend on the time elapsed between the time of application 
and rainfall event. This was attributed to the sorption of the pesticides onto the surface of 
organic matter, and soil particles, which also added to the sediment removal efficiency of the 
VFS. Direction of sowing was another factor that contributed towards the effectiveness of 
buffer strip and proved to be advantageous in removing the nutrient and sediment load in 
runoff. The results also showed nitrate and soluble phosphorus loss reductions of 47-100% 
and 22-89%, respectively. 
Arora et al. (2003) aimed at determining the performance of VFS in reducing pesticide 
transport under simulated runoff conditions. Experiments were conducted on six 20.12 m 
long X 1.52 m wide buffer strips to determine their retention efficiency for three pesticides, 
namely atrazine, metolachlor and chlorpyrifos as affected by drainage to buffer area ratio. 
Two area ratios of 15:1 and 30:1 were considered. The results showed that sediment 
concentration in outflow was reduced by 60 - 80%. Sediment retention efficiencies averaged 
90% and 87% for the 15:1 and 30:1 treatments, respectively. A combination of infiltration 
and sediment retention was observed as an active process of retention. Adsorption 
coefficients for atrazine, metalachlor and chlorpyrifos for inflow were 22, 24 and 1359, 
respectively. The adsorption coefficient for chlorpyrifos was seen to decrease in outflow for 
each of the treatments. This indicated that Chlorpyrifos was easily adsorbed onto 
heavier/larger particles which were trapped by VFS, while finer sediment particles were seen 
in the outflow. The effect of adsorbing properties on retention of these pesticides was clearly 
reflected in the results. In contrast to chlorpyrifos, adsorption coefficients for atrazine and 
metachlor were seen to increase in outflow as compared to inflow in each treatment. This 
was attributed to the fact that a greater degree of adsorption for moderately adsorbed 
pesticides, like atrazine and metolachlor, occurred with organic particles and fine sediment. It 
was also concluded that retention for moderately adsorbed pesticides occured through 
infiltration. There was no appreciable difference between the performances of buffer strips at 
two different area ratios. 
Wu et al. (2003) conducted experiments in order to compare the effectiveness of switchgrass, 
tall fescue filter strips, and bare soil in removing the copper pesticide from runoff under 
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simulated conditions. The experiment was conducted on artificially constructed beds, 0.9 m 
X 2 m with a 3% slope with an A-horizon of Bojac sandy loam soil. Lime and fertilizer, as a 
source of Cu, were packed in the top 10 cm of beds. The soil used had 0.5 ppm of 
exchangeable Cu. Two flow rates of 6 L and 2.7 L were used for this experiment. The results 
showed that infiltrated amount of runoff was about 21% for no grass, 33% for switchgrass, 
28% for tall fescue filter strips for 6.0 L flow rate, in contrast to 77% for no grass, 97% for 
switchgrass and 100% for tall fescue strips. It was found that buffers could remove all of 
applied Cu at the slower flow rate, while the efficiency of removal was just 60% for faster 
flow rate. The retention of Cu was attributed to the phenomenon of adsorption to soil. Thus, 
it implied that this metal has a real small potential for contaminating the groundwater. The 
copper adsorbed by the soil was calculated as the difference between the initial concentration 
and the equilibrium concentration. In case of tall fescue grasses, results emphasized the 
major Cu retention in first one-third of the filter, which indicated the need for relatively 
smaller filter lengths requirements for tall fescue grasses. The study recommended use of two 
filter strips according to the flow rate. Tall fescue grasses are more suitable for removal in 
areas where runoff not expected to travel at a fast flow rate. It was observed that tall fescue 
was better than switchgrass or beds without grasses in promoting infiltration and improving 
the sediment retention. 
Boyd et al. (2005) aimed at determination of the effectiveness of brome grass VFS for 
sediment and pesticide retention from subsurface drainage and runoff. The study conducted 
experiments with pesticides namely, atrazine, acetochlor and chlorpyrifos in central Iowa 
under natural runoff conditions. Infiltration and adsorption of pesticide onto sediment 
particles were found to be predominant processes in retention. The results substantiate the 
similarities in the partitioning properties of acetochlor and atrazine, categorized as 
moderately adsorbed pesticides. Their fate was governed by infiltration of runoff as it was 
observed that the major portion of these pesticides moved within the water phase. 
Chlorpyrifos, a strongly adsorbed pesticide, unlike acetochlor and atrazine was highly 
adsorbed to the sediment which resulted in its higher sediment retention by buffer strips. In 
addition to study of pesticide retention, the effect of area ratios, 15:1 and 45:1 was studied on 
the pesticide retention in the buffer strips. It was also concluded that higher area ratios lead to 
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higher flow rates and easy saturation of the VFS, reducing its removal efficiency. No 
significant difference was seen in the performance of buffer strips with the difference in area 
ratios. The results showed considerable concentrations of the moderately adsorbed pesticide, 
acetochlor in the tile flow at the time of runoff. 
Geographic Information Systems 
For a long time, scientists and engineers have studied the world with maps and physical 
models. But through the years, a need for models beyond maps and globes has arisen that 
could also help as tools of analysis. Geographic Information Systems (GIS) is one such 
sophisticated model that is capable of developing, using, visualizing and analyzing the 
geospatial data. Various tasks that are performed using this software are:-
• Input 
• Manipulation 
• Management 
• Query & Analysis 
• Visualization 
Today, many field analysts are employing GIS for data analysis, in such area as natural 
resources, land use planning, landscape architecture, transportation, real estate and property 
and taxation. In GIS, the geographic data is in the form of layers. For example, to study the 
world map, data would be in distinct layers of oceans, continents, countries, states, rivers, 
etc. For example, it is possible to study the geography of world and the chemical total 
maximum daily limit (TMDL) of the rivers in India separately, in spite of them being one 
geo spatial dataset. The object that a particular layer depicts is called a feature, having a set of 
attributes. Features have particular shape and size. All the geographic objects in GIS can be 
represented as one of the three shapes only - point, line or polygon. Data in the form of these 
shapes is called "vector" data. But geospatial data has properties like slope, temperature, 
elevation which can't be represented as one of the above shapes. This type of data is 
represented in the form of "raster" or in other words, represented as surfaces. Data in raster 
form has numeric values rather than shapes. The numeric values represent the intensity of 
that particular property in geography. The higher the numeric value assigned to a particular 
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point on map, the higher would be the property, like temperature, slope, etc. The boundaries 
of rasters are depicted by squared cells of the same dimension and each cell carries a numeric 
value. Every point on a GIS map is referred to in the form of x, y coordinates, which is 
relative to an origin of that particular co-ordinate system. 
Some of the literature has been reviewed to emphasize the importance of GIS in the field of 
environmental protection, planning and management and also to enhance the understanding 
of various tools of GIS that are used for projects dealing with watershed analysis. 
GIS and Non-Point Source Pollution 
Subra and Water (1996) employed GIS modeling techniques in identification of areas 
contributing towards NPS pollution in 20 X 20 mile section of Calcasieu River Basin, 
Southwest Louisiana. This study also quantified and prioritized the areas that were of 
importance in regard to water contamination through NPS pollution. ERDAS Imagine Spatial 
Modeler helped selection of layers that were of importance to this project, such as 
hydrography, distance to water, slope, and soil permeability. The watershed boundaries and 
data for the layers were digitized from sources, like water quality management basins map 
(Water Resources, Louisiana), United States Geologic Survey DLG data and General Soil 
maps (Department of Agriculture, USD A). The USGS Digital Elevation model was not 
available; therefore, contours were digitized from 1:62,500 quad sheets. The maximum 
distance to water was set to 254 pixels. Soil permeability divided soils into 4 categories: 
poorly to moderately well drained soils, poorly drained soils, very poorly drained soils and 
open water. It was concluded that major pollution was a result of industrial and commercial 
services. This paper recommends the use of GIS for setting up industries and commercial 
facilities at appropriate locations and employing specific management practices in order to 
prevent pollution. 
Sieker and Klein (1998) studied the case of water quality of Rummelsberg Lake, Berlin, 
Germany. Emissions from a nearby catchment called MHG; spread on an area of 22 km2 was 
seen to have a detrimental effect on the water quality of the lake. The soil of the catchment 
was of low infiltration capacity, except a part where the soil had high infiltration capacity, 
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but simultaneously, high groundwater levels. Various measures like central/decentral 
stormwater treatment plants, their pros and cons (with regard to the factors like groundwater 
level), infiltration capacity, soil contamination, and slope of ground were evaluated. A large 
scale model known as KOSIM was found to be the best for simulation of the settling 
processes in pollution load transport. An arrangement of central and semi-central stormwater 
management measures were found to work the best for the current situation in the watershed. 
GIS was used as a tool to explore the possibilities of enforcing decentralized stormwater 
treatment plant to this area. 
G/j) PgJfZCZVfg 
Dabrowski et al (2002) conducted sampling over 3-year period with pesticides namely, 
azinphos-methyl (AZP), chlorpyrifos (CPF) and endosulphan (END), in the Lourens River 
watershed, South Africa, spread on an area of 44 km2, consisting of eight sub water sheds. The 
study employed a GIS based runoff model to validate the results of pesticide contamination. 
Data for watershed boundary, land use patterns, slope and contours were digitized and 
converted to shapefiles for use as layers in Arc View 3.1 GIS. The advantage of use of a GIS 
based runoff model was that it could predict the contamination with consideration of 
catchment variables (slope of the land, soil type, etc.) and pesticide properties (adsorption, 
solubility, etc.) for each of the subcatchments, while other mathematical model employed 
numerous variables at a time and were not that accurate in their prediction. A positive 
correlation was seen between the predicted and observed values. Pesticide application in the 
months October to February in the growing area of 4 km2 was considered responsible for the 
contamination of waters of Lourens River. It was concluded that lack of BMPs in the 
watershed was one reason for high pollution in the river. 
G/j> Wajfg-tvafgr Mamagemef# PZannrng 
Apfel et al. (2004) presented a GIS planning tool for McHenry County, Illinois. As this 
county lies northwest of Chicago, it was experiencing tremendous pressure of growth, hence 
leading to exploitation of natural resources like groundwater. Glacial activities in this region 
further added to it by disturbing the geophysical conditions in that region, like increasing the 
infiltration of soil and creating expansive wetlands. Therefore, the wastewater management 
and planning was a significant consideration for conserving the groundwater resources, for 
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which GIS was used as a tool of planning. The study emphasized that for an onsite risk 
assessment, a guiding principle to protect the environment was more necessary than the use 
of traditional technology. For this, GIS proved to be a helpful and useful effort. Parameters 
that were used as input to the project were soil types, wetlands inventory, municipal 
boundaries, municipal sewer service areas, transportation tracks, surface waters and 
groundwater aquifer maps. It was concluded that GIS was the best tool, as it provided a 
visual format with efficient graphics to map, which was very useful for public settings. In 
addition to this, it was seen that resource information in GIS provided very efficient analysis. 
VFS is an efficient measure that helps reduce the transport of sediment and other chemicals 
to receiving waters. Hence, it is important that the employment of VFS proves to be a 
practical and economical measure against water quality deterioration, which makes it 
imperative to assess the effectiveness of VFS. This project assessed existing installed VFS by 
collecting elevation survey data from agricultural row cropped fields with VFS (in the Rock 
Creek Watershed North of Newton, Iowa) with the help of Geographic Positioning Systems 
(GPS) and used this data to analyze the flow accumulation from the field into the VFS, with 
the help of Geographic Information Systems (GIS). The overall vision and objectives for this 
project was to determine the effectiveness of the design installation of VFS by visual field 
observation and validation by flow mapping procedures in ArcGIS 9. This study also 
compared the area ratios at various resolutions for different sizes of the survey data sets. This 
study compared the flow routing for collected elevation data to that of USGS 7.5 Quadrangle 
values. In addition to spatial analysis of the data, this study focused on the development of an 
assessment tool which would be helpful in evaluating the effectiveness of existing infield 
VFS. The designed assessment tool is in the form of questionnaire for use by farmers/ filter 
strip owners in order to obtain information regarding the physical parameters of the VFS, like 
length, width, slope, type of vegetation of VFS, and their maintenance, which are important 
factors for determining sediment retention efficiency. The assessment rubrics were developed 
to assist the user in conducting the assessment of VFS in terms of both qualitative and 
quantitative terms. This study is of great significance in regard to evaluating the effectiveness 
of existing agricultural best management practice key to water quality and surface runoff 
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improvement, while also helping to develop a consciousness about effective management 
practices and good land stewardship values. 
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Chapter 2: ASSESSING VFS WITHIN THE ROCK CREEK 
WATERSHED USING ARCGIS 9 
To be submitted to Transactions of the ASABE 
Manveen Bansal, Dr. Steven Mickelson, Dr. Matt Helmers, Kapil Arora 
Introduction 
Water is one of the most precious natural resources that exist on our earth. At present, the 
quality of water is a large issue globally, with concerns for alarming death rates of aquatic 
organisms and human health hazards. With respect to growing public awareness to combat 
water pollution, the U.S. Environmental Protection Agency enacted a law called Clean Water 
Act (CWA) in 1972, as an establishment towards surface water quality protection in the 
United States. This act also asked EPA to develop criteria for water quality that includes the 
latest scientific knowledge about the effects of pollutants on aquatic life and human health. 
Non-point source (NPS) pollution is a major cause of degradation of surface water quality. 
NPS pollution is caused by water movement over and through the surface of the land (Subra 
and Waters, 1996). Sediments and a range of applied agrochemicals are transported from the 
agricultural fields into the surface water bodies, which is one of the major environmental 
threats. 
In order to combat pollution resulting from diffuse surface runoff sources, the U.S. 
government is taking considerable measures towards mitigation by means of employing 
agricultural best management practices (BMPs). Vegetated filter strips (VFS) are a practice 
that helps reduce the surface water transport of sediment and agrochemicals into receiving 
waters. VFS are the bands of planted or indigenous vegetation situated down slope of 
cropland or animal production facilities used to filter nutrients, sediment, organics, pathogens 
and pesticides from agricultural runoff before it reaches a water system (Dillaha et al., 1989). 
These have been considered to be effective in reducing the sediment delivery by slowing 
down the runoff velocity and filtering sediment (Neibling and Alberts, 1979; Van Dijk et al., 
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1996). VPS provide an impediment to the movement of the suspended material, such as soil 
particles and plant residue in the runoff, hence promoting their settling through 
sedimentation. 
Literature Review 
Various studies have been conducted in past decades to determine the effectiveness of VPS. 
It has been found that the effectiveness of VPS is influenced by many factors, such as the 
VPS length, vegetation species, and slope, and also the sediment size distribution in the 
runoff and the chemical concentration in the flow. The length of the VPS is considered in 
many studies as the most important parameter that affects VPS sediment removal efficiency. 
Studies have concluded that increasing the flow length beyond 10 m shows little increase in 
the VPS efficiency (Gharabhaghi et al., 2001; Lee et al., 2003; M. Abu Zreig et al., 2004). 
Ree et al. (1949) studied the sediment trapping efficiency of grass filters of length 1, 4-5 and 
10 m and recorded efficiencies of 50-60, 60-90, and 90-99%, respectively. Gharabhaghi et al. 
(2001) studied the variations in sediment removal efficiency by varying lengths of VPS from 
2.44 to 19.52 m for a 1.22 m wide field with a slope 5.1 to 7.2%. It was concluded that the 
first five meters played a significant role in removal of the suspended solids and aggregates 
greater than 40 microns in runoff. Abu Zreig et al. (2004) conducted twenty field 
experiments with filter lengths of 2, 5, 10, and 15 m and slopes of 2.3 and 5%. There was 
little increase in sediment trapping efficiency beyond a 10 m filter length. 
The field studies indicate that the submergence of vegetation lowered the Manning's 
coefficient (n), which decreased the VPS efficiency to a great extent (Ree et al., 1949; Van 
Dijk et al., 1996). Van Dijk et al. (1996) indicated that retardation of flow and filtration of 
pollutants was more efficient with older and denser grasses. Denser vegetation leads to a 
higher Manning's coefficient which resulted in greater contact time between the runoff and 
vegetation. Pventually, this lead to less erosive power and less transport capacity for the 
runoff, and therefore, increased trapping efficiency. 
Another important factor that affects the performance of the VPS is the sediment size 
distribution of the incoming runoff. Studies like Meyer et al. (1995) and Gharabhaghi et al. 
(2001) indicated that smaller sized sediments take longer to separate out, therefore, requiring 
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a longer filter. In the study by Abu Zreig (2001), trapping efficiencies of 0% and 47% for 
clay particles over filter lengths of 1 m and 15 m, respectively, were observed. Lee et al. 
(2003) installed three plots where each of the cropland source area was matched with no 
buffer strip, switchgrass buffer (7m), and a switchgrass/ woody plant buffer strip (16.3 m) to 
determine the effectiveness of riparian buffer strips in removing pollutants carried by 
cropland runoff. Efficiencies higher than 92% and 97% were seen for the switchgrass and 
switchgrass/ woody buffer, respectively. It was concluded that the switchgrass was an 
effective measure for removing coarse particles, unlike the switchgrass/woody buffer, which 
was more suitable for finer particles. It was also noticed that more than 90% of the sediment 
in the surface runoff from the buffered plots was in the <0.05 mm size fraction. During 
infiltration of the nutrients, suspended fine soil particles with adsorbed chemicals also 
entered the profile, thus decreasing the surface runoff and sediment transport capacity. 
For VPS to function properly and achieve high pollutant removal efficiencies, uniform 
distribution of flow (generally referred as sheet flow) is important. Undulating surfaces and 
slopes >6% lead to flow concentration, erosion and loss of water quality benefits, and 
eventually lowering of sediment removal efficiency of the VPS. When flow concentrates, it 
moves too rapidly to be effectively treated by a VPS. Four study fields were used by Dosskey 
et al. (2002) for studying the impact of the flow on sediment trapping efficiency. The four 
fields were evaluated with the help of a numerical model using regression equations based on 
the ratio of the buffer area to field runoff area. Area ratios were considered between 0.02 to 
0.48 and 0.01 to 0.03 for uniform and non-uniform flow conditions, respectively. The model 
yielded sediment trapping efficiencies of 99%, 67%, 59% and 41% for uniform flow 
conditions and 43%, 15%, 23% and 34% for non-uniform flow conditions for the four fields 
respectively. In this analysis, all the other parameters held constant. 
The area ratio, defined as the ratio of drainage area to buffer area, is another factor that can 
lead to channelization activities in the field resulting in flow concentration. Large area ratios, 
like 40:1, force greater amounts of flow through the VPS, which renders them ineffective due 
to high flow concentration during large rainfall-runoff events. In this case, the effective area 
of VPS is much less than the gross area. Studies have indicated that although higher area 
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ratios lead to lower removal efficiencies, no appreciable differences were noticed in the 
performance of the VPS (Arora et al, 1996; Arora et al, 2003; Boyd et al, 2005). 
One disadvantage of the VPS BMP is that its installation displaces land that typically could 
be cropped, therefore, minimizing crop production. Therefore, it is important to assess the 
effectiveness of the VPS in removal of the sediments and nutrients from the runoff, in order 
to demonstrate the value of the VPS to the producer and watershed community. The major 
objectives of this study are outlined as follows: 
(1) To determine the effectiveness of existing, established VPS by visual field observation 
and validation by flow mapping procedures in ArcGIS 9. 
(2) To compare the cropped area to VPS area ratios at various resolutions (5 m X 5 m, 10 m 
X 10 m, 20 m X 20 m and 30 m X 30 m) for different sizes of the survey data sets to 
determine the effectiveness of the VPS. 
(3) Compare the flow routing for USGS 7.5 Quad Angle values (typically used for design of 
VPS) and spatial analysis of elevation data at resolution of 30 m X 30 m to see which one 
gives more accurate field information. 
Methods and Materials 
The Rock Creek watershed located in Jasper and Marshall Counties, Iowa was selected for 
this study. The water from this watershed drains into Rock Creek Lake next to a large 
campground that offers the residents of central Iowa a range of recreational opportunities. 
The water quality of Rock Creek Lake is at great risk due to the transport of sediments and 
nutrients from the agricultural fields to the streams joining the Rock Creek Lake. This study 
focused on a few agricultural fields located in Jasper County from which the runoff is 
contributing to the water quality of the lake. Prosion and chemical transport from these fields 
in the watershed have led to algal blooms in the lake resulting in low levels of oxygen hence, 
affecting the aquatic biodiversity. Three farmer's field sites were determined to be adequate 
for this study due to their well established VPS, designed by National Resource Conservation 
Service (NRCS). Sites where chosen where VPS had been established for over five years. 
The three sites will be identified using the identifiers KAI, PDB and ADW, which are the 
initials for the land owner for the sites. 
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The KAI field has a stream that runs through the middle of the field, that flows into the Rock 
Creek Lake. A VFS with an approximate width of 35 m approximate width was installed on 
both the sides of the stream immediately downslope of the cropland by the land owner as 
designed by the Natural Resources Conservation Services (NRCS) in year 2000. We assume 
that these VFS were installed to help reduce the transport of nutrients, pesticides and 
sediments from runoff. The field area upslope of the VFS is cropped and follows the 
traditional Iowa corn-soybean rotation. The layer information attached with the USGS soil 
layer for this area identifies the natural vegetation for the watershed as Prairie with soil types 
known as Ackmore, Ely, Downs, Tama, Colo and Ackmore-Colo complex. These soils have 
an average infiltration rate of 4.233 X 10~6- 14.11 X 10~6 m/sec and fall under hydrologie 
group B. The texture of these soils consists mainly of silt loam, loam and silty clay loam. The 
field was also found to have the BMP of terraces and grassed waterways in addition to VFS, 
as shown in Figure 1. The presence of a major grassed waterway and a stream divides the 
field into three sub-watersheds, as shown in Figure 1. The spatial data for these three 
subwatersheds, identified as KAI 1, KAI 2 and KAI 3, was analyzed separately. 
iâfessea waterway 
Terraces 
Qi ih\A/atorchorl 9 
Buffer striD 
Natural veaetation 
Grassed Waterway 
Sub*'atBKh^ti 1 , 
Subwatershed 3 
Figure 1 KAI field layout 
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Through visual observation and in-field surveying of the KAI 1 subwatershed, it was evident 
that only a small portion of surface runoff flowed through the VFS. With the presence of 
undulations in the field, the flow leads towards the natural riparian area south of the 
watershed instead of draining into VFS. Some traces of sedimentation at the leading edge of 
the buffer were seen which makes it evident that there were times when runoff reached the 
buffer strips, but from the topographic observations, it would only be possible in cases of a 
larger rainfall event. The stem count/m2 for the VFS beginning edge, midpoint and ending 
edge of buffer was found to be 2580, 8387 and 6022, respectively, as measured in fall of 
2005. 
The second field site located north of KAI, called EDB (see Figure 2) has a stream running 
through the field. The stream has an approximately an 18 m wide VFS on both the sides of 
the stream. This field has soil types known as Ackmore, Shelby, Tama, Ely, Colo and Downs 
which have permeability ranging between 1.411 X 10~6 -14.11 X 10~6 m/sec. These soils fall 
mainly under the hydrologie group B. The texture of these soils consists mainly of silt loam, 
loam and silty clay loam. Flow entering the VFS was quite evident from the visual 
observation of this field. 
.Subwatershed 1 
Venetative Buffer strio 
Subwatershed ?' 
•FiSld Boundary-
Stream 
Figure 2 EDB field layout 
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The adjacent cropped fields use no-tillage practices. A gully was found in the south eastern 
part of the field. Deer travel paths were noted at the leading edge of the VFS which gives an 
evidence of wildlife activity. This field was divided into two subwatersheds, namely EDB 1 
and EDB 2, with one on each side of the stream. There is a tract of land on the south western 
corner of the field in subwatershed 2 which doesn't have any VFS. 
A third field site (ADW), shown in Figure 3, was also assessed. This field has around 30 m 
VFS on both the sides of the stream. Grassed waterways spreading over a width of 18.3 m is 
common to this field. The soil types in this field fall mainly under hydrologie group B and C 
with permeability varying between 0.4233 X 10"6 - 14.11 X 10"6 m/sec. These soil types are 
Tama, Ackmore-Colo complex and Shelby-Adair 
Grassed waterway Farmhouse 
Stream 
Draw ? 
Draw 1 Subwatershed 3 
Subwatershed 1 
Draw 3 
Corn 
Fdne 
Subwatershed ? 
Bt-ass 
Figure 3 ADW field layout 
complex. The presence of Draw 3 divided the field into two subwatersheds, 1 and 2, namely 
ADW 1 and ADW 2 respectively. Subwatershed 3, also called ADW 3 lies on the north 
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eastern side of the field where it has an additional 60 feet grassed waterway. The adjacent 
cropped areas were planted to corn in 2006. 
Site surveys were carried out for recording the elevations at horizontal and vertical point 
locations throughout each of the three field sites (KAI, EDB and ADW). This data was 
collected by the local NRCS office staff using Global Positioning System (GPS) Real Time 
Kinematics (RTK) equipment capable of receiving LI and L2 signals. A base station, 
Trimble 4800 receiver with a Trimark-3 24-Watt radio was set up on site along with a 3.66 m 
radio tower to increase the line of sight. Both the base station and radio tower were powered 
using a 12-Volt battery. A Trimble 5700 receiver with a Zypher antenna mounted on an All 
Terrain Vehicle (ATV) was used to collect elevation data on roughly a five-meter distance. A 
Trimble 5800-R8 receiver was used as a handheld receiver to collect elevation data for points 
where ATV could not access the terrain, especially at the edge of the creeks and the bottom 
elevation of the flow line in the creeks. Both handheld and mounted receivers were 
individually attached to Trimble TSE data storage collectors. These collectors operating on 
Trimble Survey Software collected specific GPS coordinates and elevation data. Data from 
the collectors was transferred onto a computer using Trimble Geomatics Office software. 
Three different data sets were manually extracted out of the collected data set using the 
Editor toolbar in ArcGIS 9. Data points were manually removed from the original data set to 
create data sets with fewer points to simulate less dense surveys. Points were removed so as 
to create a uniform distribution of the remaining survey points. The reason for creating data 
sets 2, 3, and 4 was to help discover an optimum size of the data that should be collected in 
order to achieve accuracy in the results and best estimate of topography in the field as 
efficiently as possible. The original data set was assumed to be the most accurate in all 
comparisons. The size of the original collected data set > data set 2 > data set 3 > data set 4. 
The number of survey points in the dataset is shown in Table 1 below. 
Table 1 Number of survey points 
Dataset KAI 1 KAI 2 KAI 3 EDB 1 EDB 2 ADW 1 ADW 2 ADW 3 
Original 1873 2894 1439 2321 1053 497 1156 606 
Dataset 2 589 878 441 699 298 146 359 200 
Dataset 3 286 487 173 333 149 74 144 130 
Dataset 4 148 297 121 187 89 42 96 67 
29 
Geographic Information Systems (GIS) was employed for validation of the visual 
observation regarding the flow accumulation and outlets points in the field. This software 
combines the site evaluation data of each point on the field into layers of information at that 
point on the map of the watershed to give a better understanding of the runoff hydrology at 
that point. The technique of Digital Elevation Model (DEM) helps obtain the digital 
representation of the topographic surfaces as a regular grid of spot heights. In this case, 
elevation data for the field was used to obtain the flow routing in ArcGIS 9, and validate our 
visual observation regarding the effectiveness of the VFS. Elevations at equal and uniform 
intervals in the watershed were interpolated from the collected data (which was at unequal 
spacing) through a method called Kriging. The DEM helped identify the sinks in the drainage 
area and generate the flow accumulation and drainage/stream network of the watershed for 
the given data. This was accomplished using the Arc View 3.3 AVSWAT extension. 
Automatic Delineation was used to produce the layers of subbasins, outlets (points of flow 
accumulation), stream network, and the watershed boundary. As per the objectives, stream 
network for four different grid sizes of DEM, namely 5 m X 5 m, 10 m X 10 m, 20 m X 20 m 
and 30 m X 30 m, for each dataset, for each field, was delineated in order to compute the 
respective area ratios. Area ratios have been calculated as -
,, . DrainageArea AreaRatio = 
VFSArea 
Drainage areas have been determined by the use of the Arc View 3.3 AVSWAT automatic 
delineation tool through the creation of sub-basins that correspond to a given VFS area. The 
VFS area has been calculated by the multiplication of two dimensions -length and width. The 
length of VFS is the length of the leading edge of the VFS through which the sub-basin 
drains into the major stream network. Width of VFS is the perpendicular distance between 
the leading edge and edge of the stream. The details of these numbers for KAI, EDB and 
ADW fields can be found in Appendices 1 through 8. For clarification, an example of the 
methods used for this procedure are given in the next section for the KAI field site. The 
same method was used for each of the field sites. 
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Figure 4 Delineated stream network for collected data at resolution of 5 m X 5 m 
KAI Field 
The KAI field site was subdivided into three subwatersheds for the purpose of analysis. First, 
the stream network of the collected data at the best resolution of 5m X 5 m, using the original 
survey data, was delineated for use in determining the best prediction of the potential 
effectiveness of VFS. As shown in Figure 4, the generated stream network was found to be in 
congruence with the visual observations of the field. There is no evidence of flow through the 
VFS. From the presence of undulations in the field, it was evident that the flow leads towards 
the natural riparian area south of the watershed instead of draining into VFS. Some traces of 
sedimentation were found at the leading edge of the buffer which makes it evident that there 
were times when runoff reached the buffer strips, but from the topographic observations, it 
would only be possible in cases of a larger rainfall event. Secondly, the stream network for 
every subwatershed was delineated for all four datasets at the four resolutions, namely 5 m X 
5 m, 10 m X 10 m, 20 m X 20 m and 30 m X 30 m. This was done in order to compare the 
cropped area to VFS area ratios for various grid sizes and various sizes of the survey data 
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sets to determine the flow paths into the VFS. Quantification of the difference in the stream 
networks for the four datasets, for every subwatershed at four levels of resolution, in terms 
area ratios, was determined. Figure 5 shows the overlay of each of these stream networks for 
subwatershed 1 and differences in the stream network delineation for the four datasets can 
clearly be seen at the same resolution. 
Another major objective of this study was to compare the flow routing generated by the 
collected dataset to that of USGS 7.5 Quadrangle values. In order to accomplish third 
objective of the study, the DEM of the fields from USGS 7.5 Quadrangle, resolution 30 m X 
30 m, were extracted from Iowa data found at ftp://gis.iastate.edu. The stream network was 
delineated in Arc View 3.3 for these DEM of the fields. Figure 6 shows the flow routing for 
USGS 7.5 Quadrangle values for KAI field. Figure 6 compared to Figure 4 shows noticeable 
difference between the real and predicted situation for this case. It can be seen that the 
predicted stream network generated with USGS 7.5 Quadrangle values has streams draining 
into the VFS all along the VFS length. 
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Oriainal data 
Dataset 2 
Dataset 3 
Dataset 4 
Field 
Figure 5 Overlay of stream networks for four datasets at resolution of 5 m X 5 m for KAI 1 
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Figure 6 Flow routing generated from USGS 7.5 Quadrangle values 
The same procedure for the KAI field site was followed for other two field sites (EDB and 
ADW). The results obtained are discussed in the following sections. 
Results and Discussion 
Figure 7 and 8 shows the delineated stream networks for the collected data at a resolution of 
5 m X 5 m (which is the closest approximation to the original survey data collected) and 
USGS 7.5 Quad Angle data at a resolution of 30X30 for the EDB site, respectively. Figure 9 
and 10 shows the delineated stream networks for the collected data at a resolution of 5 m X 5 
m and USGS 7.5 Quad Angle data at a resolution of 30 m X 30 m for the EDB site, 
respectively. When compared, there are noticeable differences in the visuals for the two 
datasets for all the three fields, which means that USGS 7.5 Quad Angle dataset is probably 
not giving us the right approximation for the flow accumulation in the field. Flow routing for 
USGS dataset have less flow concentration of flow which means greater effectiveness of 
VFS. 
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Figure 7 Delineated stream network for collected data at resolution of 5 m X 5 m for the 
EDB site. 
Figure 8 Flow routing generated from USGS 7.5 Quadrangle values for EDB site 
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Figure 9 Stream network for collected data at resolution of 5 m X 5 m for ADW site 
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Figure 10 Flow routing generated from USGS 7.5 Quadrangle data for ADW site 
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Area ratios for the four different datasets at the four different resolutions for every field have 
been calculated, as shown in Table 2. The area ratios are the weighted values with 
appropriate weight given to the contributing area. This table also includes the design area 
ratio values, which designates the ratio of total area of the field and area of the filter. An 
asterisk (*) in the table represents infinite area ratios and can't be included in the calculations. 
This is the case with Kaisand field where there are large drainage areas with almost 
negligible buffer areas. The design area ratio is the smallest value in case of every field at 
every level of resolution, except for a value or two in the table. Also, at each resolution, area 
ratios from USGS dataset are smaller than those from original dataset, with a few exceptions. 
Comparison of the design area ratios and area ratios from USGS dataset shows that design 
values are smaller than USGS in all the cases, regardless of the level of resolution. 
Also, the percent differences were computed between the area ratios between resolution 
levels of 10 m X 10 m and 5 m X 5 m, 20 m X 20 m and 5 m X 5 m, and similarly 30 m X 30 
m and 5 m X 5 m. These differences are shown in Table 3. It was noticed in Table 4 that at 
the resolution of 5 m X 5 m, when survey datapoints decrease, the absolute percent 
difference increases. Unfortunately, the same trends can't be seen for other levels of 
resolutions. In other words, the percent differences can also be referred to as the percent 
error. For example, the percent error for dataset 2 is, 
- ~
AS
"-ixioo 
AR.„ 
Absolute percent differences have also been computed for area ratios between dataset 2 and 
original dataset, and similarly for dataset 3, dataset 4, USGS and design, as shown in Table 4. 
Visuals from Arc View 3.3 show another important observation regarding the number of 
points and resolution. It can be seen that even a smaller dataset interpolated at the best 
resolution of 5 m X 5 m gives a closer approximation when compared to that interpolated at 
30 m X 30 m Figure 11 shows this case for KAI 1. But the statement holds true for all the 
subwatersheds for all the three fields. 
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Table 2 Area Ratios for four datasets at four resolutions for all the fields 
Reso­ # Sub- Original Dataset Dataset Dataset 
lution Field watershed data 2 3 4 USGS Design 
1 7.35 7.06 5.39 8.53 11.07 5.18 
ADW 2 17.58 20.74 11.91 16.07 8.75 5.19 
3 9.18 14.45 18.39 28.66 5.82 2.81 
5X5 EDB 4 142.55 126.74 129.3 128.82 36.03 30.57 
5 79.78 35.14 57.72 8.83 9.42 6.72 
6 * * * * 10.4 9.36 
KAI 7 * * * 13.32 18.51 11.53 
8 * 33.55 * 58.36 18.57 15.31 
1 5.45 6.59 6.57 8.19 11.07 5.18 
ADW 2 19.4 17.81 13.2 17.63 8.75 5.19 
3 6.23 21.67 5.6 4.59 5.82 2.81 
10X10 EDB 4 146.11 82.07 99.77 230.37 36.03 30.57 
5 131.22 87.08 11.5 9.5 9.42 6.72 
6 * * * * 10.4 9.36 
KAI 7 * * * * 18.51 11.53 
8 * 0.42 * 57.04 18.57 15.31 
1 11.26 7.88 9.58 8.24 11.07 5.18 
ADW 2 14.1 14.12 11.29 16.04 8.75 5.19 
3 7.16 6.54 4.97 15.76 5.82 2.81 
20X20 EDB 4 76.22 106.53 64.83 62.09 36.03 30.57 
5 11.61 27.53 11.16 10.94 9.42 6.72 
6 * * 22.18 166.3 10.4 9.36 
KAI 7 15.35 26.93 7.21 7.57 18.51 11.53 
8 39.58 * * 52.09 18.57 15.31 
1 5.87 6.86 8.08 5.45 11.07 5.18 
ADW 2 5.96 9.6 10.32 15.97 8.75 5.19 
3 14.68 9.37 7.25 6.11 5.82 2.81 
30X30 EDB 4 49.06 101.53 104.2 36.82 36.03 30.57 
5 12.45 13.5 14.19 11.92 9.42 6.72 
6 * * 34.88 17.84 10.4 9.36 
KAI 7 6.39 17.81 21.11 37.05 18.51 11.53 
8 27.97 50.74 32.35 35 18.57 15.31 
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Table 3 Absolute Errors/percent differences between dataset 2,3 and 4 and original 
dataset 
((AR10X10 - AR5X5)/AR5X5)/100 
# 
Field Subwatershed Org Set 2 Set 3 Set 4 
1 25.85 6.66 21.89 3.99 
ADW 2 10.35 14.13 10.83 9.71 
3 32.14 49.97 69.55 83.98 
EDB 4 2.50 35.25 22.84 78.83 
5 64.48 147.81 80.08 7.59 
6 * * * * 
KAI 7 * * * * 
8 * 98.75 * 2.26 
((AR20X 20 ~ AR5X5)/A R5X5) /100 
# 
Field Subwatershed Org Set 2 Set 3 Set 4 
1 53.20 11.61 77.74 3.40 
ADW 2 19.80 31.92 5.21 0.19 
3 22.00 54.74 72.97 45.01 
EDB 4 46.53 15.95 49.86 51.80 
5 85.45 21.66 80.67 23.90 
6 * * * * 
KAI 7 * * * 43.17 
8 * * * 10.74 
((AR30X 30 - AR5X5)/A R5X5) /100 
# 
Field Subwatershed Org Set 2 Set 3 Set 4 
1 20.14 2.83 49.91 36.11 
ADW 2 66.10 53.71 13.35 0.62 
3 59.91 35.16 60.58 78.68 
EDB 4 65.58 19.89 19.41 71.42 
5 84.39 61.58 75.42 34.99 
6 * * * 
KAI 7 * * * 178.15 
8 * 51.24 * 40.03 
Table 4 Absolute Errors/percent differences between dataset 2,3 and 4 and original 
dataset 
Error 
Error Error Error Error 
Reso­ Sub- Dataset Dataset Dataset USGS Design 
lution Field watershed 2 3 4 Dataset dataset 
1 3.95 26.67 16.05 50.61 29.52 
ADW 2 17.97 32.25 8.59 50.23 70.48 
3 57.41 100.33 212.20 36.60 69.39 
5X5 EDB 4 11.09 9.29 9.63 74.72 78.55 
5 55.95 27.65 88.93 88.19 91.58 
6 * * * * * 
KAI 7 * * * * * 
8 * * * * * 
1 20.92 20.55 50.28 103.12 4.95 
ADW 2 8.20 31.96 9.12 54.90 73.25 
3 247.83 10.11 26.32 6.58 54.90 
10X10 EDB 4 43.83 31.72 57.67 75.34 79.08 
5 33.64 91.24 92.76 92.82 94.88 
6 * * * * * 
KAI 7 * * * * * 
8 * * * * * 
1 30.02 14.92 26.82 1.69 54.00 
ADW 2 0.14 19.93 13.76 37.94 63.19 
20X20 3 8.66 30.59 120.11 18.72 60.75 
EDB 4 39.77 14.94 18.54 52.73 59.89 
5 137.12 3.88 5.77 18.86 42.12 
6 * * * * * 
KAI 7 75.44 53.03 50.68 20.59 24.89 
8 * * 31.61 53.08 61.32 
1 16.87 37.65 7.16 88.59 11.75 
ADW 2 61.07 73.15 167.95 46.81 12.92 
30X30 3 36.17 50.61 58.38 60.35 80.86 
EDB 4 106.95 112.39 24.95 26.56 37.69 
5 8.43 13.98 4.26 24.34 46.02 
6 * * * * * 
KAI 7 178.72 230.36 479.81 189.67 80.44 
8 81.41 15.66 25.13 33.61 45.26 
11(a) 11(b) 
11(c) 
Figure 11 Comparison of original data at 5 m X 5 m, 11(a); Set 4 at 5 m X 5 m 11(b); and Set 
4 at 30 m X 30 m 11(c) for KAI 1 
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Conclusions 
Past research studies have proven that VFS are highly effective in filtering out the sediment, 
nutrients, and pesticides from the incoming surface runoff, hence improving the surface 
water quality. Assessment of effectiveness of VFS is imperative to their use. This paper 
devises a technique for assessing the effectiveness of existing VFS. This technique 
adequately validated the visual observations in regard to flow accumulation at watershed 
three field sites. The comparison of area ratios between different sizes of the survey data sets 
at various resolutions was conducted to help discover an optimum resolution and size of the 
data that should be collected in order to adequately determine the effectiveness of existing 
VFS. It was noted that at the best resolution of 5 m X 5 m, when survey datapoints decrease, 
the absolute percent difference increases, which implies the increase in error with a decrease 
in survey datapoints. It was also found that the design area ratio is the smallest area ratio at 
every resolution of all the datasets. The Arc View 3.3 visuals validated the initial assumption 
regarding the number of points and grid size. These visuals represented that the flow paths 
that a smaller dataset interpolated at best resolution of 5 m X 5 m gives a closer 
approximation of the real situation of the field as compared to that interpolated at 30 m X 30 
m. Another noted observation is regarding the comparison between the results from collected 
data and USGS 7.5 Quadrangle values. The visuals from Arc View 3.3 clearly show that 
USGS 7.5 Quadrangle values is not a good approximation of the real situation in the field, 
and the survey needs to be much more detailed both in terms of number of survey datapoints 
and resolution for achieving correct results. 
References 
Arora K., S.K. Mickelson and J. L. Baker. 2003. Effectiveness of Vegetated Buffer Strips in 
Reducing Pesticide Transport in Simulated Runoff. Transactions of the American 
q/Agn'cWfwmZ Erngmeerj 46(3): 635 - 644. 
Arora K., S.K. Mickelson, J.L. Baker, D.P. Tierney and C.J. Peters. 1996. Herbicide 
Retention by Vegetative Buffer Strips from Runoff under Natural Rainfall. 
TmfmzcfzoMJ q/V/zë Amgncxm qfAgn'cwZfwmZ Erngmeerj 39(6): 2155 - 2162. 
42 
Boyd P.M., J.L. Baker, S.K. Mickelson and S.I.Ahmed. 2003. Pesticide Transport with 
Surface Runoff and Subsurface Drainage through a Vegetated Filter Strip. 
TmfmzcfzoMJ q/V/zë Amgncxm qfAgn'cwZfwmZ 46(3): 675 - 684. 
Dillaha, T.A., R.B. Reneau, S Mostaghimi and D. Lee. 1989. Vegetative filter strips for 
agricultural non point source pollution control. Transactions of the American Society 
of Agricultural Engineers 32(2): 513-519 
Dosskey, M.G., M.J. Helmers, D.E. Eisenhauer, T.G. Franti and K.D. Hoagland. 2002 
Assessment of concentrated flow through riparian buffers. Journal of Soil and Water 
Conservation 57(6): 336-343 
Gharabhagi B., R.P. Rudra, H.R. Whiteley and W.T. Dickinson. 2001. Sediment Removal 
Efficiency of Vegetative Filter Strips. ASAE Paper No. 01-2071, Sacramento, 
California 
Lee, K.H., T.M. Isenhart and R.C. Schultz. 2003. Sediment and nutrient removal in an 
established multi-species riparian buffer. Journal of Soil and Water Conservation: 58 
(1): 1-8. 
Lee, K.H., T.M. Isenhart and R.C. Schultz. 2003. Sediment and nutrient removal in an 
established multi-species riparian buffer. Journal of Soil and Water Conservation: 58 
(1): 1-8. 
Meyer, L.D., S.M. Dabney and W.C. Harmon. 1995. Sediment Trapping Effectiveness of 
Stiff- Grass Hedges. American Society of Agricultural Engineers 38(3): 809-815 
Neibling, W.H. and E.E. Alberts. 1979. Composition and yield of soil particles transported 
through sod strips. ASAE Paper No. 792065, St. Joseph, Michigan. 
Ree, W.O. 1949. Hydraulic Characteristics of Vegetation for Vegetated waterways. 
Agricultural Engineering 80(4): 184-189. 
Van Dijk, P.M., F.J.P.M. Kwaad and M. Klapwijk. 1996. Retention of water and sediment 
by grass strip. Hydrological Processes 10: 1069 -1080 
43 
Zreig Majed Abu, R.P. Rudra, Manon N. Lalonde, Hugh R. Whiteley and Narinder K. 
Kaushik. 2004. Experimental investigation of runoff reduction and sediment removal 
by vegetated filter strips. Hydrological Processes 18: 2029-2037. 
Zrieg Majed Abu. 2001. Factors affecting sediment trapping in vegetated filter strips: 
simulation study using VFSMOD. Hydrological Processes 15: 1477 - 1488. 
. U.S. Environmental Protection Agency. 2000. Atlas of America's Polluted Waters. EPA 
840-B00-002. Office of Water (4503F) United States Environmental Protection 
Agency, Woj/zmgfoM, D. C. 
44 
Chapter 3: DEVELOPMENT OF QUALITATIVE AND 
QUANTITATIVE ASSESSMENT TOOLS FOR ASSESSING 
EXISTING VFS 
Introduction 
Water is one of the most important resources for residential, industrial and agricultural 
purposes, but unfortunately, this resource is at high risk due to point and non-point source 
pollution. The US Environmental Protection Agency (1998) identified around 20,000 water 
bodies nationally that do not meet state water quality standards. Around 251 water bodies 
were declared impaired in the state of Iowa, with sedimentation as the major reason of 
impairment. The U.S. government is taking several steps towards mitigation of deterioration 
of water quality, including the enactment of the Clean Water Act (CWA, 1972) and 
employing agricultural best management practices (BMPs). Non-point source (NPS) 
pollution, caused by water movement over and through the surface of the land (Subra and 
Waters, 1996), is a major cause of degradation of surface water quality. But implementation 
of agricultural BMPs has been found to be the most reliable means of preventing the decline 
in water quality from agricultural watersheds. One of the agricultural BMPs that have been 
found to be effective in controlling the amount of agrochemicals and the sediments available 
for potential loss to the environment is vegetative filter strips (VFS). VFS are the bands of 
planted or indigenous vegetation situated down-slope of cropland or animal production 
facilities in order to filter nutrients, sediment, organics, pathogens and pesticides from 
agricultural runoff before it reaches a water system (Dillaha et al., 1989). VFS help in 
reducing the transport of sediment and other chemicals to receiving waters by slowing down 
the runoff velocity and by some filtering action. It is important that the employment of any 
BMPs proves to be a practical and economical measure against water quality deterioration. 
BMPs should offer the highest efficiency possible for the cost of the design and should be 
assessed and evaluated overtime for ensuring continued efficiency. Most BMPs require some 
maintenance for continued effectiveness over time. This paper addresses the development of 
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an evaluation tool for VFS in terms of their existing effectiveness. This paper also reviews 
the past and the current research findings, and discusses some major parameters so as to 
achieve high sediment and agrochemical retention efficiencies. 
Literature Review 
Agrochemicals and sediment make their way to the surface water bodies through runoff or 
overland flow. VFS act as an intercept between the runoff carrying suspended particles 
carried from soil and the surface water body. The vegetation offers resistance to the runoff 
and reduces the flow velocity of runoff leading to an increase in the residence time, hence 
promoting the settling of the suspended particles. As a consequence, the suspended solids, 
like coarse aggregates, sand, and silt in runoff, settle out easily through sedimentation, but 
high turbulence in the flow keeps the smaller sized clay and residue particles in suspension 
and hence, it takes them longer to be filtered out (Gharabhagi et al. (2001)). Gharabhagi et al. 
(2001) emphasizes infiltration is the key mechanism that helps in the removal of smaller 
sized sediments. 
Hydrology within the VFS is also important. Van Dijk et al. (1996) studied the hydrology of 
sediment removal in various field arrangements, like grass hedges, grass strips, buffer zones 
and grass channels, and found that infiltration and sedimentation were the key underlying 
mechanisms. M. Abu Zreig et al. (2004) observed that the sediment trapping efficiency was 
observed to increase with the decrease in inflow rates and decrease in soil-water content of 
soil due to enhanced infiltration. Studies like Tollner et al. (1977), Hayes et al. (1979), 
Helmers et al. (2005), and Meyer et al. (1995) focused on the hydrology of sediment removal 
within VFS and concluded that sediment deposition occurs if the transport capacity of the 
flow is less than the incoming sediment load. This sediment deposition occurs at the leading 
edge of the buffer leading to the formation of a hydraulic jump, commonly referred to as a 
triangular wedge. Extended durations of this flow would lead to a wedge as high as the 
height of the VFS vegetation. This wedge formation sometimes detours the incoming runoff 
rendering the VFS ineffective. So in order to have high sediment removal efficiencies it is 
imperative to have periodic maintenance checks. 
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Some other factors that help keep the sediment trapping efficiencies high include physical 
parameters of the VFS, such as VFS width, VFS length, type of vegetation in the VFS, and 
vegetation density. An effective vegetative cover is one of the important factors. It increases 
the Manning's roughness coefficient, which is important in order to pose greater resistance, 
reduce the erosive power of the flow and also increase the residence time (the time it takes 
for water to infiltrate). The field studies indicate that the submergence of vegetation lowered 
the Manning's coefficient which decreased the VFS efficiency to a great extent (Ree et al., 
1949; Van Dijk et al., 1996). Age and density of the vegetal growth are important factors that 
influence the sediment retention efficiency of the VFS. Van Dijk et al. (1996) concluded 
vegetation relatively older and higher in densities is more effective in retaining the pollutants. 
Higher sediment retention efficiencies are seen to be achieved with longer buffers. 
Gharabhaghi et al. (2001) performed 58 experiments with buffer length varying between 2.44 
m to 19.52 m for an 1.22 m wide field, and concluded that the performance of VFS doesn't 
increase by appreciable margin by increasing the flow-path length beyond 10 m. M. Abu 
Zreig et al. (2004) observed that there was just a marginal increase in the sediment trapping 
efficiency with length beyond 10 m. In general, it has been seen that the first five meters play 
a significant role in removal of the coarse suspended solids. While on the other hand, finer 
suspended particles/clay particles remain in suspension due to high turbulent energy of the 
flow and therefore need longer VFS to be filtered out. In the study of Lee et al. (2003), more 
than 90% of the sediment in the surface runoff from the VFS plots was in the <0.05 mm size 
fraction. It was observed that during infiltration of nutrients, suspended fine soil particles 
with adsorbed chemicals also enter the profile thus decreasing the surface runoff and 
sediment transport capacity. This clearly shows that the size of the incoming sediment is an 
important factor in deciding the buffer parameters in order to achieve high sediment removal 
efficiencies. Dillaha et al. (1989) investigated the effectiveness of VFS for agricultural NFS 
pollution control, and it was observed that 4.6 and 9.1 m long buffer strips retained on an 
average, 70 and 80% of the incoming suspended sediment, 61 and 79% of the phosphorus, 
and 54 and 73% of the nitrogen, respectively. Dosskey et al. (2002) observed sediment 
trapping efficiencies as high as 99% in case of uniformly distributed runoff over the entire 
VFS length, commonly referred to as sheet flow or non-concentrated flow. The flow tended 
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to concentrate and split into numerous passes due to the undulations present in the field. 
Meyer et al., 1995 concluded that the practice of perpendicular plantation helps achieve 
higher trapping efficiencies by retarding the flow concentration. 
Having a higher area ratio (cropland area to VPS area) is another factor that can lower 
sediment retention efficiencies. Studies show that with a higher ratio of cropland area to VPS 
area, there are greater chances for the flow to concentrate and not achieve high sediment 
retention efficiencies (Arora et al., 1996; Arora et al., 2003; Boyd et al., 2005). Pven in the 
cases where the VPS have been observed to be ineffective in filtering out the sediment, VPS 
still have benefits as wildlife habitat and can be a great practice for controlling stream bank 
erosion. Therefore, VPS is an efficient practice against water quality deterioration. One main 
disadvantage of this management practice is that its employment displaces land under crop, 
eventually minimizing the crop production. There is also regular maintenance that must be 
conducted to ensure continued effective performance. Therefore, it is important to assess the 
effectiveness of current in-place VPS in order to evaluate the effective removal of the 
sediments and nutrients from the runoff. 
Methods and Materials 
This study focuses on the development of an assessment tool which would be helpful in 
evaluating the effectiveness of existing infield VPS. A study by Dillaha et al. (1986) studied 
the long term effectiveness and maintenance of VPS by inspecting a number of VPS around 
five times over the study period. This study used an assessment tool in the form of 
questionnaire for use by farmers/ filter strip owners in order to obtain information regarding 
the reason for layout of VPS, type of vegetation, and parameters of VPS, problems 
encountered in installation and maintenance, and their effectiveness against water quality 
deterioration. The assessment tool from this study, as shown in Table 1, concentrates on the 
physical parameters of the VPS like length, width, slope, type of vegetation of VPS, and their 
maintenance, which are deciding factors for the concentration of flow, and eventually, the 
sediment retention efficiency. The assessment rubrics were developed, as shown in Table 2, 
for use by extension officers, government agents, and/or farm owners in order to conduct the 
assessment of VPS in terms of both qualitative and quantitative terms. 
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The most important factor that limits the efficiency of the VPS has been found to be ratio of 
the cropland drainage area to VPS area, hereafter called the area ratio. Greater area ratios 
lead to passage of large amounts of flow through smaller sections of VPS leading to lowering 
of efficiency of the VPS in filtering out the pollutants from the runoff. The past studies like 
Arora et al (1996), Arora et al (2003), and Leeds et al (1993) indicate that area ratios 1:1 to 
8:1 achieve excellent sediment retention, but even 45:1 area ratios still show reasonable 
filtering effectiveness. According to Leeds et al. (1993), area ratios should preferably be kept 
less than 50:1 for good sediment retention. 
Length and slope of the field are two physical parameters that significantly affect sediment 
retention efficiencies. It has been seen that longer VPS are more efficient, but studies like 
Gharabhagi et al (2001) indicate first 5 m as an effective length for removal of sediments and 
other pollutants. Natural Resources Conservation Service (NRCS) practice standards for 
filter strips Code 393 indicates that flow length is dependent on field slope percent and 
length. USDA-SCS Field Office Technical Guide also presents a graph between the percent 
land slope and minimum length of the VPS which states 20 ft as the optimum length for field 
slope ranging between 1-10 %. 
Type and density of vegetation cover highly influence the sediment retention. Due to greater 
strength and resistance to bend over, erect, tall grasses trap greater amounts of sediment and 
nutrients. Many sod-forming grasses like bromegrass, reed canary grass and species like, 
bermuda grass and switchgrass are preferred types of vegetation for VPS. The density of the 
stems depends on the type of grass. According to Temple et al. (1987), the density of a grass 
species can be classified as excellent, good - fair and poor by multiplying the standard grass 
density of the species by factors 5/3, 1 - 2/3 and 1/3 respectively. 
Soil type is also another important factor in the effectiveness of a VPS. Soil types like sands 
and sandy loams have greater infiltration rates than clayey soils that consequently lead to 
higher infiltration and as a result higher sediment removal efficiencies. 
Proper maintenance of VPS aids against flow concentration and helps in achieving greater 
sediment removal efficiencies. As stated in maintenance criteria by Leeds et al. (1993), 
frequent inspections for erosion channels, weeds, health of plants and mowing maintenance 
49 
to a height of 6-inch, form excellent condition for sediment removal. Presence of rills and 
gullies hinder the uniformity of flow which lowers the sediment retention of VPS. Also, 
condition of the grasses needs regular inspections and maintenance for regular sword height 
and density of vegetal cover. Presence of bent over grasses, weeds and unwanted plants, and 
unhealthy vegetal growth form poor conditions for the vegetation and hinders the efficiency 
of VPS. Vehicular traffic and wildlife encroachment lead to sparse covers of vegetation and 
eventually loss in filter width over time. Dosskey et al. (2002) states that maximum pollutant 
trapping efficiency is expected when field runoff is uniformly dispersed across the entire 
filter strip area. This implies that Uniform distribution of flow over the filter area, referred as 
sheet flow or non-concentrated flow is important for filter to function properly. Rills and 
gullies work against the sediment retention by leading to concentrated flow. Single or a few 
flow paths generally occur due to abrupt topographic variations but are usually acceptable 
based on practical situations. Sometimes, due to inefficient drainage, VPS tend to inundate 
when their effectiveness decreases. Natural Resources Conservation Service Practice 
Standard, Code 393 observes adequate soil drainage vital for satisfactory performance. Using 
the above ideas, the assessment tool and corresponding rubrics were developed and are 
attached. 
The assessment tool, as shown in Table 1, begins with the preliminary information regarding 
the type of water body, for example, pond, lake, stream, and its location. It has two sections -
quantitative and qualitative. The questionnaire pertaining to quantitative analysis (Table 1A) 
has been formulated in order to record the physical parameters of the VPS by visual 
observation and/or physical measurements. The questionnaire includes six items, the first 
important one being the ratio of drainage area to vegetative filter area. The area information 
can either be collected from the county conservation offices, county maps or by physical 
measurement of the drainage area and the filter area and then calculating the ratio between 
the two. The second important factor for the assessment of the effectiveness of the filter strip 
is the length of the filter. It can be measured with the tape or walked off to get a rough 
estimate. The third item of this analysis is the slope of the upslope drainage area which can 
be measured with the help of the survey equipment like a hand level, dumpy level, or total 
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station. Similarly, the slope of the VPS can also be measured using these same tools and 
methods. Another item on the quantitative analysis is the density of vegetation. This can be 
found by throwing a rectangular/square frame with a known area and counting the stems in 
the area by cutting out the stems in the framed area in order to count them manually. You can 
then calculate the number of tillers per unit area. Biologists or grass species reference books 
can be of help in finding out the species of grass type. 
The second section of Table 1, Table IB, is the qualitative analysis. The questionnaire for 
this section has been developed for rating the parameters responsible for the overall 
effectiveness of the VPS. The categories used for the rating are excellent, good - fair and 
poor. These categories were kept consistent for all the selected parameters. By means of 
reviewing the key literature, rubrics assessment levels for every parameter were designed, as 
shown in Table 2. For example, let's say that the visual assessment of a specific field shows 
an unhealthy stand condition with weeds, uneven mowing height, and sparse land cover with 
presence of rills and gullies. If the rubric for maintenance is referred to, the condition of the 
field would fall under the poor category. In that case, POOR against item #5 under 
qualitative analysis would be checked. So, this procedure for the assessment of the VPS can 
be carried out for each of the parameters in order to assess the effectiveness of the VPS under 
consideration. The research team set up the criteria that if three or more categories in 
questionnaire fall under the category of poor, then the VPS needs more care in terms of 
installation and maintenance. 
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Table 1A Assessment tool - Quantitative Analysis 
VEGETATIVE FILTER STRIP (TFS) ASSESSMENT FORM 
Assessed By 
Date 
Location of investigation (County / State) 
Adjacent water body type 
Quantitative Analysis: 
1. Ratio of drainage area to VPS area 
2. Length of the VPS (ft) 
3. Slope of the drainage area upslope of VPS (%) 
4. Density of vegetation in VPS (stems/ft2) 
5. Slope of the VPS (%) 
6. Filter Cover (Bare, Warm Season, Cool Season) 
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Table IB Assessment tool - Qualitative Analysis 
VEGETATIVE FILTER STRIP (VFS) ASSESSMENT FORM (CONTINUED) 
Qualitative Analysis : Poor Good-Fair Excellent 
1. Ratio of drainage area to VFS area 
2. Length of the VFS (ft) 
3. Density of vegetation in VFS 
4. Soil type in VFS 
5. Maintenance of VFS 
6. Wildlife Evidence in VFS 
7. Vehicular Traffic in VFS 
8. Type of flow 
9. Number of concentrated passes 
10. Field Drainage 
NOTE: If you find more than 3 poor parameters on the VFS, then the VF S should be 
considered for modification in design. 
53 
Table 2 Rubric: Assessment tool for Vegetative Filter Strips 
Design 
Parameters 
Excellent Good to Fair Poor 
Ratio of drainage area 
to buffer area 
1:1-8:1 8:1-50:1 
* 
>50:1 
Length of the filter (ft) >20 20 <20 
Density of buffer 
vegetation (stems / 
m2)(approx.) 
- Bermuda grass 
- Grass 
Thick cover 
9000 
3600 
Average cover 
7100-3600 
2900- 1450 
Sparse cover 
1800 
700 
Soil Type Sandy Loam Loam Clay Loam 
* It forms the most viable situation practically, but the effectiveness has not been validated 
by research studies. 
** Filter strip flow length shall be based on the field slope percent and length, and on the 
filter strip slope percent, erosion rate, amount and particle size distribution of sediment 
delivered to the filter strip, density and height of the filter strip vegetation, and runoff volume 
associated with erosion producing events. The quoted flow length is based on the 
recommended values for field slope area of 1 - 10 %. 
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Table 2 Rubric: Assessment tool for Vegetative Filter Strips (Continued) 
Design 
Parameters 
Excellent Good to Fair Poor 
Maintenance 
1) Frequent 
inspections 
2) Absence of 
erosion 
channels. 
3) A uniform 
vegetation cover. 
4) Mow height 
of 6-inch, 
upright 
vegetation. 
5) Good health 
of plants. 
6) No evidence 
of unwanted 
trees, bush and 
noxious weeds. 
7) No evidence 
of animal traffic. 
1) Not very frequent 
number of inspections 
but, an instantaneous 
inspection after 
intense rains or long 
runoff events. 
2) No evidence of 
gullies and rills, but 
small diversions paths 
or channels, those are 
not very deep. 
3) Good cover of 
vegetation with some 
patches of no or less 
cover. 
4) Sward height a little 
more or less than 6 -
inch. Little evidence 
of bent over grasses at 
spots. 
5) Diminutive yellow 
colored patches on 
vegetation. 
6) Little evidence of 
weeds and unwanted 
plants. 
7) Traffic with 
minimum damage due 
to grazing. 
1) A few inspections in 
a year. 
2) Evidence of rills and 
small channels that 
hinder the sheet flow. 
3) Inadequate/sparse 
ground cover. 
4) Uneven height of the 
grasses that necessitates 
mowing. Significant 
evidence of bent over 
grasses due to heavy 
runoff or vehicular 
traffic. 
5) Unhealthy plants 
with broken, burnt and 
rotten leaves, brown in 
color. 
6) Significant 
indication of weeds and 
unwanted bushes. 
7) Evidence of 
livestock traffic, 
damage to vegetation 
due to overgrazing. 
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Table 2 Rubric: Assessment tool for Vegetative Filter Strips (Continued) 
Design 
Parameters 
Excellent Good to Fair Poor 
Wildlife 
Evidence 
1) No evidence 
of animal foot, 
grazing patches 
etc. 
1) A few voids in 
cover that indicate 
grazing. 
1) Large patches in 
cover that indicate 
grazing. 
2) Evidence of 
wildlife traffic due to 
presence of animal 
hooves at many spots 
in vegetation. 
3) Loss in filter width 
over years due to 
encroachment. 
Vehicular 
Traffic in 
VFS 
1) No damage to 
the VFS 
vegetation due to 
vehicular traffic. 
No evidences 
seen. 
1) Little evidences 
seen due to loss of 
grasses along a path. 
1) Evidence of 
diverted flow pattern 
because of vehicular 
traffic. 
2) Established 
pathway seen in the 
VFS which indicates 
pedestrian or two -
wheeler traffic. 
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Table 2 Rubric: Assessment tool for Vegetative Filter Strips (Continued) 
Design 
Parameters 
Excellent Good to Fair Poor 
Type of flow 
Sheet Flow 
1) Shallow, 
uniform flow all 
along the length 
of the filter. 
Uniform Flow 
1) Uniform flow for 
most of the distance 
but mild evidence of 
channel or gully 
formation. 
Concentrated Flow 
1) Significant 
evidence of deep 
gullies and rills. 
2) Tendency of runoff 
to flow into 
topographic swales 
before entry into 
buffers. 
Number of 
concentrated 
passes 
No concentrated 
flow passes 
observed. 
Single or few 
concentrated flow 
passes seen. 
Multiple concentrated 
flow passes seen along 
the width of the VFS. 
Table 2 Rubric: Assessment tool for Vegetative Filter Strips (Continued) 
Design 
Parameters 
Excellent Good to Fair Poor 
Drainage 
1) Efficient 
drainage along 
downstream VFS. 
2) Even 
topography with 
no hills and 
depressions. 
3) No inundation 
seen throughout 
the VFS. 
4) Effective in 
sediment removal 
and nutrient 
reduction with 
efficient drainage. 
1) A few, small 
height depressions 
and hills found in 
topography. 
2) Little evidence 
of inundation with 
established 
drainage-ways. 
1) Accumulation 
of surface runoff 
in natural drainage 
ways within fields 
before it reached 
the VFS. 
2) Runoff from the 
drainage ways 
crossed the VFS, 
totally inundating 
the filters and 
rendering them 
ineffective for 
sediment and 
nutrient reduction. 
3) Undesirable 
topography which 
hinders the proper 
drainage. 
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4. Conclusions 
VFS is an efficient BMP that helps reduce the amount of nutrients and sediment in the 
surface water bodies. It is important that the employment of VFS proves to be a practical and 
economical measure against water quality deterioration. In addition to mitigation of water 
quality deterioration, VFS offer other advantages like wildlife conservation and streambank 
protection. Their use makes their assessment imperative. Fields with VFS can be assessed to 
estimate the potential of water quality effectiveness using the designed questionnaire and 
rubrics in order to ensure the feasibility of the practice and determine if additional 
maintenance may be required. This assessment tool has not been tested in the field for its 
adequacy in terms of evaluating the efficiency of VFS. This research can further be carried 
out by using this assessment tool for surveying the VFS in or around Iowa. In case VFS fails 
to meet the practice standards or expected water quality benefits, the design of the VFS can 
also be altered with the help of dimensions provided in the rubrics. This study is of great 
significance in regard to evaluating the effectiveness of existing agricultural BMPs key to 
water quality and surface runoff improvement, while also helping to develop a consciousness 
about effective management practices and good land stewardship values. 
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Chapter 4: GENERAL CONCLUSIONS 
It has been seen over years of experimentation that VFS are highly effective in filtering out 
sediments, nutrients and pesticides from the incoming runoff, hence improving the surface 
water quality. This practice has added advantages, like reduction in the chemical application 
within the VFS, wildlife protection and protection against streambank erosion. It is important 
that the employment of VFS proves to be a practical and economical measure against water 
quality deterioration. Therefore, it is important to assess the effectiveness of VFS. This study 
stressed the importance of assessment of VFS in order to maximize the effectiveness of VFS. 
This study carried out the assessment of a few VFS across Iowa through the collection of 
elevation data with the help of Global Positioning System (GPS) equipment and analysis 
with the help of ArcGIS 9. Digital Elevation Model (DEM), which helps obtain the digital 
representation of the topographic surfaces as a regular grid of spot heights, was used to 
obtain the flow routing of all the fields. This technique adequately validated the visual 
observations in regard to flow accumulation at all the three fields. The comparison of area 
ratios between different sizes of the survey data sets at various resolutions was conducted to 
help discover an optimum resolution and size of the data that should be collected in order to 
find the effectiveness of VFS. It was noted that at the best resolution of 5X5, when survey 
datapoints decrease, the absolute percent difference increases, which implies the increase in 
error with a decrease in survey datapoints. It was found that the design area ratio is the 
smallest area ratio at every resolution of all the datasets. The visuals representation of the 
flow paths from Arc View 3.3 show that a smaller dataset interpolated at best resolution of 
5X5 gives a closer approximation of the real situation of the field as compared to that 
interpolated at 30X30. Another noted observation is regarding the comparison between the 
results from collected data and USGS 7.5 Quadrangle values. The visuals from Arc View 3.3 
clearly show that USGS 7.5 Quadrangle values exhibit different results as compared to the 
real field situation. Thus, the survey needs to be much more detailed both in terms of number 
of survey datapoints and grid size for achieving correct results. 
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This study also devised an assessment tool for both the quantitative and qualitative 
assessment of VFS through application of ideas obtained from reviewing the past literature 
and standards laid out by Natural Resource Conservation Service, Iowa. This tool can be 
used by extension officers/ farm owners in order to assess the existing VFS and hence, help 
improve the quality of surface waters. Future use of this assessment tool is needed to 
validate its usefulness. 
Appendix: Calculation of Area Ratios 
Table A-1 Area Ratios for KAI 1 
Total 
Buffer Buffer 
Area 
Drained Area 
Total 
Drainage Area 
Weighted 
Area 
Weighted 
Area 
Data Resolution Segment Length width(m) Area(rrf) (ha) Ratio Area(ha) Percentage Ratio Ratio 
Set 3 20X20 1 101.55 32.15 3264.83 7.24 22.18 7.24 1.00 22.18 22.18 
30X30 1 92.29 31.18 2877.60 1.08 3.75 0.20 0.76 
2 29.45 33.54 987.75 4.23 42.82 5.31 0.80 34.11 34.88 
Set 4 20X20 1 29.16 31.10 906.88 15.08 166.29 15.08 1.00 166.29 166.29 
30X30 1 157.02 31.80 4993.24 8.91 17.84 8.91 1.00 17.84 17.84 
USGS 30X30 1 144.3 32.41 4676.76 4.95 10.58 0.36 3.86 
2 124.98 31.70 3961.87 4.32 10.90 13.59 0.32 3.47 10.40 
3 126.68 35.16 4454.07 4.32 9.70 0.32 3.08 
m 
GO 
Table A-2 Area Ratios for KAI 2 
Total 
VFS 
Area 
Drained Area 
Total 
Drainage Area 
Weighted 
Area 
Weighted 
Area 
Data Resolution Segment Length Width(m) Area(m2) (ha) Ratio Area(ha) Percentage Ratio Ratio 
Original 20X20 1 164.5 26.77 4403.67 6.76 15.35 6.76 1.00 15.35 15.35 
30X30 1 188.5 28.38 5349.63 3.42 6.39 3.42 1.00 6.39 6.39 
Set 2 20X20 1 83.05 27.36 2272.25 6.12 26.93 6.12 1.00 26.93 26.93 
30X30 1 124.58 26.77 3335.01 5.94 17.81 5.94 1.00 17.81 17.81 
Set 3 20X20 1 80.58 28.58 2302.98 1.56 6.77 0.39 2.64 
2 125.00 26.09 3261.25 2.44 7.48 4.00 0.61 4.56 7.21 
30X30 1 107.97 26.41 2851.49 4.05 14.20 0.25 3.57 
2 179.65 28.65 5146.97 12.06 23.43 16.11 0.75 17.54 21.11 
Set 4 5X5 1 34.35 26.82 921.27 1.23 13.32 1.23 1.00 13.32 13.32 
20X20 1 41.90 27.73 1161.89 0.88 7.57 0.88 1.00 7.57 7.57 
30X30 1 126.02 28.72 3619.29 13.41 37.05 13.41 1.00 37.05 37.05 
USGS 30X30 1 154.24 28.15 4341.86 1.53 3.52 0.09 0.31 
2 219.35 26.90 5900.52 13.41 22.73 17.55 0.76 17.37 18.51 
3 153.9 30.05 4624.70 2.61 5.64 0.15 0.84 
2 
Table A-3 Area Ratios for KAI 3 
Data Resolution Segment Length Width(m) 
VFS 
Area(rrf) 
Area 
Drained 
(ha) 
Area 
Ratio 
Total 
Drainage 
Area(ha) 
Area 
Percentage 
Weighted 
Area 
Ratio 
Total 
Weighted 
Area 
Ratio 
Original 20X20 1 80.01 32.46 2597.12 10.28 39.58 10.28 1.00 39.58 39.58 
30X30 1 122.02 29.53 3603.25 10.08 27.97 10.08 1.00 27.97 27.97 
Set 2 5X5 1 96.20 28.73 2763.83 9.27 33.55 9.27 1.00 33.55 33.55 
10X10 1 93.94 33.25 3123.51 0.13 0.42 0.13 1.00 0.42 0.42 
30X30 1 60.34 32.63 1968.89 9.99 50.74 9.99 1.00 50.74 50.74 
Set 3 30X30 1 92.00 32.96 3032.32 9.81 32.35 9.81 1.00 32.35 32.35 
Set 4 5X5 1 48.5 35.86 1739.21 10.15 58.36 10.15 1.00 58.36 58.36 
10X10 1 51.5 34.21 1761.82 10.05 57.04 10.05 1.00 57.04 57.04 
20X20 1 59.76 32.25 1927.26 10.04 52.09 10.04 1.00 52.09 52.09 
30X30 1 92.00 31.30 2879.60 10.08 35.00 10.08 1.00 35.00 35.00 
USGS 30X30 1 151.4 30.73 4652.52 8.64 18.57 8.64 1.00 18.57 18.57 
m 
en 
Table A-4 Area Ratios for EDB 1 
Width(m) 
VFS 
Area 
Drained Area 
Total 
Drainage 
Area Area 
Weighted 
Area 
Total 
Weighted 
Area 
Data Resolution Segment Length Area(rrf) (ha) Ratio (ha) Percentage Ratio Ratio 
5X5 1 91.2 8.02 731.42 13.02 178.01 0.75 133.72 
2 55.02 6.31 347.18 1.24 35.57 17.33 0.07 2.53 142.55 
3 144.02 6.03 868.44 3.08 35.44 0.18 6.29 
10X10 1 89.8 8.24 739.95 13.53 182.85 0.76 138.44 
2 65.96 5.92 390.48 1.33 34.06 17.87 0.07 2.53 146.11 
3 153.52 6.43 987.13 3.01 30.49 0.17 5.14 
Original 20X20 1 214 8.4 1797.60 13.52 75.21 0.73 54.79 
2 117.8 7.16 843.45 2.16 25.61 18.56 0.12 2.98 76.22 
3 37.5 6.46 242.25 2.88 118.89 0.16 18.45 
30X30 1 192.37 7.71 1483.17 5.67 38.23 0.29 10.95 
2 213.23 7.91 1686.65 7.83 46.42 0.40 18.36 
3 148.6 7.01 1041.69 2.07 19.87 19.80 0.10 2.08 49.06 
4 78.9 6.48 511.27 4.23 82.73 0.21 17.68 
m 
m 
Table A-4 Area Ratios for EDB 1 (continued) 
5X5 1 75.09 8.1 608.23 11.03 181.35 0.65 117.11 
2 75.9 8.44 640.60 1.86 28.96 17.08 0.11 3.14 126.74 
3 87.4 6.62 578.59 0.98 16.85 0.06 0.96 
4 153.4 7.17 1099.88 3.22 29.28 0.19 5.52 
10X10 1 160 8.19 1310.40 13.23 100.96 0.74 74.70 
2 96.94 6.9 668.89 1.23 18.39 17.88 0.07 1.27 82.07 
3 162.87 6.58 1071.68 3.42 31.91 0.19 6.10 
20X20 1 22.2 7.97 176.93 2.28 128.86 0.10 13.28 
Set 2 2 107.3 7.82 839.09 4.84 57.68 0.22 12.62 
3 160.6 8.29 1331.37 4.68 35.15 22.12 0.21 7.44 106.53 
4 126.94 6.61 839.07 1.36 16.21 0.06 1.00 
5 78.8 6.38 502.74 8.96 178.22 0.41 72.19 
30X30 1 194.5 8.07 1569.62 5.67 36.12 0.18 6.50 
2 128.76 8.3 1068.71 16.12 150.84 0.51 77.17 
3 120.81 8.75 1057.09 3.06 28.95 31.51 0.10 2.81 101.03 
4 95.95 7.15 686.04 1.89 27.55 0.06 1.65 
5 79.42 7.05 559.91 4.77 85.19 0.15 12.90 
m 
Table A-4 Area Ratios for EDB 1 (continued) 
5X5 1 131.54 8.14 1070.74 12.90 120.43 0.46 55.55 
2 52.65 5.77 303.79 0.76 25.02 27.96 0.03 0.68 129.30 
3 148.34 6.75 1001.30 14.30 142.84 0.51 73.07 
10X10 1 150.06 8.31 1247.00 13.18 105.69 0.91 96.40 
2 20.88 6.19 129.25 0.65 50.29 14.45 0.04 2.26 99.77 
3 34.3 7.02 240.79 0.62 25.75 0.04 1.10 
20X20 1 108.02 7.85 847.96 2.00 23.59 0.10 2.33 
Set 3 2 110 8.81 969.10 10.00 103.19 0.49 50.98 
3 102.2 8.48 866.66 3.04 35.08 20.24 0.15 5.27 64.83 
4 106.08 6.7 710.74 1.04 14.63 0.05 0.75 
5 224.75 6.92 1555.27 4.16 26.75 0.21 5.50 
30X30 1 52.27 7.85 410.32 4.63 112.77 0.27 30.62 
2 57.64 7.47 430.57 5.95 138.27 0.35 48.31 
3 112.28 8.35 937.54 2.44 26.07 17.04 0.14 3.74 104.20 
4 59.26 6.65 394.08 0.78 19.67 0.05 0.89 
5 39.97 7.47 298.58 3.24 108.51 0.19 20.63 
m 
00 
Table A-4 Area Ratios for EDB 1 (continued) 
5X5 1 82.36 7.44 612.76 10.45 170.54 0.60 103.15 
2 36.98 8.41 311.00 2.57 82.56 0.15 12.27 
3 38.93 6.2 241.37 0.56 23.20 17.28 0.03 0.75 128.82 
4 58 7.23 419.34 0.96 22.83 0.06 1.27 
5 55.88 6.84 382.22 2.74 71.75 0.16 11.39 
10X10 1 76.32 7.4 564.77 16.33 289.15 0.68 197.31 
2 21.66 8.5 184.11 3.24 175.98 23.93 0.14 23.83 230.37 
3 158.13 7.16 1132.21 1.65 14.57 0.07 1.00 
Set 4 4 53.3 7 373.10 2.71 72.63 0.11 8.23 
20X20 1 106.04 7.67 813.33 6.16 75.74 0.39 29.31 
2 84.64 8.35 706.74 0.56 7.92 15.92 0.04 0.28 62.09 
3 168.66 7.41 1249.77 3.40 27.20 0.21 5.81 
4 120.31 6.58 791.64 5.80 73.27 0.36 26.69 
30X30 1 321.23 8.37 2688.70 11.79 43.85 0.66 29.16 
2 158.92 7.37 1171.24 2.16 18.44 17.73 0.12 2.25 36.82 
3 232.37 6.41 1489.49 3.78 25.38 0.21 5.41 
USGS 30X30 1 258.3 8.19 2115.48 7.56 35.74 0.36 12.88 
2 224.46 8.07 1811.39 7.92 43.72 0.38 16.51 
3 126.8 7.23 916.76 2.07 22.58 20.97 0.10 2.23 36.03 
4 199.9 6.33 1265.37 3.42 27.03 0.16 4.41 
S 
Table A-5 Area Ratios for EDB 2 
Total Total 
VFS 
Area 
Drained Area 
Drainage 
Area Area 
Weighted 
Area 
Weighted 
Area 
Data Resolution Segment Length Width(m) Area(rrf) (ha) Ratio (ha) Percentage Ratio Ratio 
Original 5X5 1 60.23 10.60 638.44 0.56 8.81 0.10 0.91 
2 63.98 12.41 793.99 0.70 8.75 0.13 1.12 
3 53.22 11.91 633.85 0.71 11.20 5.43 0.13 1.47 79.78 
4 133.32 10.96 1461.19 1.03 7.01 0.19 1.33 
5 58.34 12.46 726.92 0.65 8.98 0.12 1.08 
6 5.94 13.31 79.06 1.78 225.14 0.33 73.87 
10X10 1 42.75 10.46 447.17 0.56 12.52 0.10 1.28 
2 46.15 11.77 543.19 0.47 8.65 0.09 0.74 
3 73.83 11.80 871.19 0.96 11.02 0.18 1.93 
4 160.03 10.84 1734.73 1.29 7.44 5.48 0.24 1.75 131.22 
5 59.74 11.87 709.11 0.66 9.31 0.12 1.12 
6 2.84 12.25 34.79 1.54 442.66 0.28 124.40 
20X20 1 64.21 10.43 669.71 1.28 19.11 0.29 5.46 
2 127.24 11.63 1479.80 1.56 10.54 0.35 3.67 
3 213.33 11.34 2419.16 1.64 6.78 4.48 0.37 2.48 11.61 
30X30 1 224.06 12.68 2841.08 1.89 6.65 0.39 2.59 
2 191.53 11.52 2206.43 1.35 6.12 4.86 0.28 1.70 12.45 
3 52.35 12.64 661.70 1.62 24.48 0.33 8.16 
~sl 
o 
Table A-5 Area Ratios for EDB 2 (continued) 
Set 2 5X5 1 220.67 11.03 2433.99 1.90 7.79 0.35 2.72 
2 217.67 11.34 2468.38 1.83 7.39 5.43 0.34 2.48 35.14 
3 14.72 12.25 180.32 1.71 94.97 0.32 29.94 
10X10 1 234.96 11.09 2605.71 2.03 7.79 0.36 2.79 
2 212.75 11.34 2412.59 1.94 8.04 5.67 0.34 2.75 87.08 
3 4.79 13.05 62.51 1.70 271.96 0.30 81.54 
20X20 1 235.8 11.38 2683.40 2.04 7.60 0.37 2.83 
2 212.6 11.03 2344.98 1.68 7.16 5.48 0.31 2.20 27.53 
3 18.80 13.36 251.17 1.76 70.07 0.32 22.51 
30X30 1 66.28 10.37 687.32 0.45 6.55 0.08 0.53 
2 159.6 12.02 1918.39 1.44 7.51 0.26 1.94 
3 249.15 11.74 2925.02 1.89 6.46 5.58 0.34 2.19 13.50 
4 52.60 12.48 656.45 1.80 27.42 0.32 8.85 
Set 3 5X5 1 103.04 10.50 1081.92 0.81 7.44 0.15 1.09 
2 101.03 12.34 1246.71 1.34 10.71 5.48 0.24 2.61 57.72 
3 234.03 11.02 2579.01 1.85 7.16 0.34 2.42 
4 6.64 11.83 78.55 1.49 189.69 0.27 51.60 
10X10 1 86.23 10.77 928.70 0.67 7.21 0.12 0.85 
2 169.62 12.15 2060.88 1.54 7.47 0.27 2.01 
3 190.77 11.24 2144.25 1.91 8.91 5.72 0.33 2.97 11.49 
4 63.28 12.50 791.00 1.60 20.23 0.28 5.66 
20X20 1 257.43 10.20 2625.79 2.28 8.68 0.40 3.44 
2 222.84 11.77 2622.83 1.60 6.10 5.76 0.28 1.69 11.16 
3 82.7 12.31 1018.04 1.88 18.47 0.33 6.03 
30X30 1 255.48 10.83 2766.85 2.79 10.08 0.40 4.01 
2 223.6 11.28 2522.21 2.43 9.63 7.02 0.35 3.33 14.19 
3 52.43 12.86 674.25 1.80 26.70 0.26 6.85 
Table A-5 Area Ratios for EDB 2 (continued) 
Set 4 5X5 1 45.98 10.33 474.97 0.45 9.53 0.09 0.83 
2 123.94 12.26 1519.50 1.31 8.59 5.20 0.25 2.15 8.83 
3 260.82 11.47 2991.61 2.33 7.78 0.45 3.48 
4 78.15 12.96 1012.82 1.12 11.03 0.21 2.37 
10X10 1 53.5 10.36 554.26 0.48 8.66 0.09 0.76 
2 180.78 11.39 2059.08 1.66 8.06 0.30 2.43 
3 224.21 11.20 2511.15 2.17 8.64 5.50 0.39 3.41 9.50 
4 69.47 12.77 887.13 1.19 13.41 0.22 2.90 
20X20 1 202.39 11.31 2289.03 2.84 12.41 0.45 5.54 
2 221.57 11.55 2559.13 2.16 8.44 6.36 0.34 2.87 10.94 
3 88.48 12.97 1147.59 1.36 11.85 0.21 2.53 
30X30 1 223.1 11.76 2623.66 1.89 7.20 0.30 2.19 
2 228.44 11.02 2517.41 3.15 12.51 6.21 0.51 6.35 11.92 
3 52 12.53 651.56 1.17 17.96 0.19 3.38 
USGS 30X30 1 159.97 11.18 1788.46 1.89 10.57 0.30 3.17 
2 349.83 12.82 4484.82 4.14 9.23 6.30 0.66 6.07 9.42 
3 52.21 11.83 617.64 0.27 4.37 0.04 0.19 
ro 
Table A-6 Area Ratios for ADW 1 
Total 
VFS 
Area 
Drained Area 
Total 
Drainage Area 
Weighted 
Area 
Weighted 
Area 
Data Resolution Segment Length width(m) Area(m2) (ha) Ratio Area(ha) Percentage Ratio Ratio 
Original 5X5 1 12.36 23.94 295.90 0.35 11.66 0.23 2.63 
2 69.75 25.87 1804.43 0.69 3.80 1.53 0.45 1.70 7.35 
3 7.33 25.47 186.70 0.05 2.41 0.03 0.07 
4 17.53 26.13 458.06 0.46 9.93 0.30 2.95 
10X10 1 41.26 24.43 1007.98 0.61 6.05 0.39 2.34 
2 57.85 25.36 1467.08 0.48 3.27 1.58 0.30 0.99 5.45 
3 27.15 26.45 718.12 0.49 6.82 0.31 2.12 
20X20 1 23.77 21.75 517.00 0.48 9.28 0.21 1.92 
2 29.53 25.56 754.79 0.40 5.30 2.32 0.17 0.91 11.26 
3 54.24 25.3 1372.27 0.36 2.62 0.16 0.41 
4 23.64 26.51 626.70 1.08 17.23 0.47 8.02 
30X30 1 53.7 25.52 1370.42 1.08 7.88 0.63 4.98 
2 65.5 25.73 1685.32 0.45 2.67 1.71 0.26 0.70 5.87 
3 37.7 26.5 999.05 0.18 1.80 0.11 0.19 
~sl 
00 
Table A-6 Area Ratios for ADW 1 (continued) 
Set 2 5X5 1 14.53 22.54 327.51 0.35 10.76 0.21 2.27 
2 37.73 26.21 988.90 0.33 3.34 0.20 0.66 
3 21.6 25.21 544.54 0.16 2.89 1.68 0.09 0.27 7.06 
4 15.4 24.6 378.84 0.17 4.55 0.10 0.47 
5 28.55 26.99 770.56 0.66 8.60 0.40 3.40 
10X10 1 18.32 23.59 432.17 0.42 9.72 0.23 2.22 
2 41.04 26.5 1087.56 0.37 3.40 0.20 0.68 
3 40.03 24.71 989.14 0.29 2.93 1.84 0.16 0.46 6.59 
4 35.86 27.15 973.60 0.76 7.81 0.41 3.22 
20X20 1 23.43 22.1 517.80 0.60 11.59 0.22 2.57 
2 62.12 26.3 1633.76 0.48 2.94 0.15 0.44 
3 29.72 24.21 719.52 0.32 4.45 2.16 0.35 1.56 7.88 
4 25.52 26.25 669.90 0.76 11.34 0.29 3.31 
30X30 1 35.82 25.06 897.65 0.63 7.02 0.35 2.46 
2 41.11 26.12 1073.79 0.36 3.35 1.80 0.20 0.67 6.86 
3 36.32 26.86 975.56 0.81 8.30 0.45 3.74 
Table A-6 Area Ratios for ADW 1 (continued) 
Set 3 5X5 1 37.96 24.74 939.13 0.55 5.88 0.39 2.32 
2 28.63 25.97 743.52 0.22 2.96 0.16 0.46 
3 13.35 24.32 324.67 0.13 3.93 1.40 0.09 0.36 5.39 
4 29.43 26.98 794.02 0.50 6.30 0.36 2.25 
10X10 1 37.44 25 936.00 0.53 5.66 0.30 1.68 
2 26.27 25.36 666.21 0.22 3.30 0.12 0.41 
3 26.07 24.76 645.49 0.21 3.25 1.79 0.12 0.38 6.57 
4 35.86 26.13 937.02 0.83 8.86 0.46 4.11 
20X20 1 32.57 26.84 874.18 0.60 6.86 0.29 1.98 
2 58.26 24.62 1434.36 0.48 3.35 2.08 0.23 0.77 9.58 
3 25.81 27.28 704.10 1.00 14.20 0.48 6.83 
30X30 1 35.13 25.36 890.90 0.54 6.06 0.29 1.73 
2 26.56 25.8 685.25 0.36 5.25 1.89 0.19 1.00 8.08 
3 36.51 26.55 969.34 0.99 10.21 0.52 5.35 
en 
Table A-6 Area Ratios for ADW 1 (continued) 
Set 4 5X5 1 23.85 24.82 591.96 0.46 7.81 0.30 2.31 
2 48.78 25.15 1226.82 0.45 3.65 1.56 0.29 1.04 8.53 
3 19.91 26.45 526.62 0.65 12.39 0.42 5.17 
10X10 1 35.61 23.57 839.33 0.60 7.15 0.33 2.36 
2 30.69 24.9 764.18 0.43 5.63 1.82 0.24 1.33 8.19 
3 28.6 26.64 761.90 0.79 10.37 0.43 4.50 
20X20 1 57.05 24.82 1415.98 0.76 5.37 0.35 1.89 
2 39.68 25.06 994.38 0.52 5.23 2.16 0.24 1.26 8.24 
3 26.7 26.35 703.55 0.88 12.51 0.41 5.10 
30X30 1 52.3 26.24 1372.35 0.81 5.90 0.38 2.21 
2 101.67 25.66 2608.85 1.35 5.17 2.16 0.63 3.23 5.45 
USGS 30X30 1 59.42 23.91 1420.73 1.8900 13.30 0.72 9.63 
2 51.77 26.7 1382.26 0.7200 5.21 2.6100 0.28 1.44 11.07 
m 
Table A-7 Area Ratios for ADW 2 
Area Total 
Weig 
hted Total 
Data Resolution Segment Length width(m) 
VFS 
Area(rrf) 
Drained 
(ha) 
Area 
Ratio 
Drainage 
Area(ha) 
Area 
Percentage 
Area 
Ratio 
Weighted 
Area Ratio 
Original 5X5 1 27.5 43.16 1186.90 3.14 26.46 0.50 13.32 
2 42.04 39.16 1646.29 1.70 10.31 0.27 2.81 
3 36.83 34.02 1252.96 0.57 4.57 6.24 0.09 0.42 17.58 
4 14.47 34.27 495.89 0.23 4.59 0.04 0.17 
5 12.65 26.5 335.23 0.35 10.44 0.06 0.59 
6 11.1 31.91 354.20 0.25 6.99 0.04 0.28 
10X10 1 29.67 43.15 1280.26 3.29 25.70 0.56 14.28 
2 21.47 40.75 874.90 1.44 16.46 0.24 4.00 
3 10.99 35.04 385.09 0.21 5.45 5.92 0.04 0.19 19.40 
4 40.85 29.34 1198.54 0.68 5.67 0.11 0.65 
5 17.43 32.58 567.87 0.30 5.28 0.05 0.27 
20X20 1 38.91 42.3 1645.89 3.52 21.39 0.46 9.80 
2 42.35 36.41 1541.96 1.76 11.41 0.23 2.62 
3 41.69 33.24 1385.78 1.00 7.22 7.68 0.13 0.94 14.10 
4 84.98 29 2464.42 1.00 4.06 0.13 0.53 
5 29.89 32.05 957.97 0.40 4.18 0.05 0.22 
30X30 1 61.22 43.7 2675.31 1.89 7.06 0.30 2.12 
2 154.34 35.63 5499.13 3.24 5.89 6.30 0.51 3.03 5.96 
3 30.9 26.66 823.79 0.45 5.46 0.07 0.39 
4 66.21 29.35 1943.26 0.72 3.71 0.11 0.42 
Table A-7 Area Ratios for ADW 2 (continued) 
Set 2 5X5 1 26.88 42 1128.96 3.10 27.44 0.61 16.66 
2 26.42 39.13 1033.81 0.37 3.55 0.07 0.26 
3 15.25 32.71 498.83 0.88 17.69 5.10 0.17 3.06 20.74 
4 51.35 27.94 1434.72 0.56 3.90 0.11 0.43 
5 7.32 30.41 222.60 0.19 8.65 0.04 0.33 
10X10 1 28.02 41.7 1168.43 3.25 27.82 0.46 12.75 
2 28.28 39.43 1115.08 1.55 13.90 0.22 3.04 
3 42.73 33.43 1428.46 1.14 7.98 7.09 0.16 1.28 17.81 
4 51.06 28.08 1433.76 0.71 4.95 0.10 0.50 
5 36.41 31.3 1139.63 0.44 3.86 0.06 0.24 
20X20 1 40.33 42.32 1706.77 3.48 20.39 0.44 8.87 
2 20.57 37.5 771.38 1.52 19.71 0.19 3.74 
3 123.68 34.7 4291.70 1.56 3.63 8.00 0.20 0.71 14.12 
4 81.83 27.3 2233.96 1.04 4.66 0.13 0.61 
5 33.18 30.97 1027.58 0.40 3.89 0.05 0.19 
30X30 1 59.71 44.55 2660.08 3.78 14.21 0.50 7.11 
2 30.68 38.87 1192.53 0.90 7.55 7.56 0.12 0.90 9.60 
3 123.79 34.45 4264.57 1.62 3.80 0.21 0.81 
4 96.3 27.88 2684.84 1.26 4.69 0.17 0.78 
-si 
00 
Table A-7 Area Ratios for ADW 2 (continued) 
Set 3 5X5 1 13.11 42.24 553.77 0.44 7.99 0.18 1.44 
2 62.12 39.31 2441.94 0.57 2.34 0.23 0.55 
3 10.07 32.9 331.30 0.82 24.75 2.46 0.33 8.25 11.91 
4 6.58 28.47 187.33 0.21 11.21 0.09 0.96 
5 30.21 32.07 968.83 0.42 4.28 0.17 0.72 
10X10 1 42.61 41.61 1773.00 3.34 18.84 0.48 9.08 
2 52.31 38.55 2016.55 1.80 8.93 0.26 2.32 
3 31.44 32.82 1031.86 0.92 8.92 6.93 0.13 1.18 13.20 
4 41.02 31.16 1278.18 0.66 5.16 0.10 0.49 
5 16.61 31.32 520.23 0.21 4.04 0.03 0.12 
20X20 1 50.13 43.18 2164.61 3.72 17.19 0.55 9.51 
2 21.1 37.51 791.46 0.12 1.52 0.02 0.03 
3 103.34 35.25 3642.74 1.20 3.29 6.72 0.18 0.59 11.29 
4 81.72 31.33 2560.29 1.16 4.53 0.17 0.78 
5 33.31 31.55 1050.93 0.52 4.95 0.08 0.38 
30X30 1 60.3 44.26 2668.88 4.14 15.51 0.49 7.59 
2 153.74 35.08 5393.20 3.15 5.84 8.46 0.37 2.17 10.32 
3 97.19 29.86 2902.09 1.17 4.03 0.14 0.56 
CO 
Table A-7 Area Ratios for ADW 2 (continued) 
Set 4 5X5 1 33.99 41.93 1425.20 3.10 21.72 0.50 10.96 
2 51.5 38.62 1988.93 1.85 9.28 0.30 2.79 
3 6.21 33.07 205.36 0.49 23.98 6.14 0.08 1.93 16.07 
4 71.87 28.25 2030.33 0.70 3.46 0.11 0.40 
10X10 1 25.9 42.52 1101.27 3.16 28.69 0.47 13.37 
2 51.88 38.2 1981.82 1.89 9.54 6.78 0.28 2.66 17.63 
3 30.34 33.85 1027.01 0.90 8.76 0.13 1.16 
4 80.47 29.12 2343.29 0.83 3.54 0.12 0.43 
20X20 1 48.08 43.78 2104.94 3.76 17.86 0.45 7.96 
2 20.45 37.76 772.19 1.96 25.38 0.23 5.89 
3 63.3 33.58 2125.61 1.36 6.40 8.44 0.16 1.03 16.04 
4 64.82 29.22 1894.04 1.36 7.18 0.16 1.16 
30X30 1 38.07 44.11 1679.27 3.42 20.37 0.44 9.00 
2 31.77 37.92 1204.72 2.07 17.18 0.27 4.60 
3 31.37 33.47 1049.95 1.08 10.29 7.74 0.14 1.44 15.97 
4 64.65 29.14 1883.90 1.17 6.21 0.15 0.94 
USGS 30X30 1 90.46 43.4 3925.96 4.86 12.38 0.57 7.04 
2 123.96 36 4462.56 1.89 4.24 8.55 0.22 0.94 8.75 
3 159.63 30.52 4871.91 1.80 3.69 0.21 0.78 
00 
o 
Table A-8 Area Ratios for ADW 3 
Total 
VFS 
Area 
Drained Area 
Total 
Drainage Area 
Weighted 
Area 
Weighted 
Area 
Data Resolution Segment Length width(m) Area(rrf) (ha) Ratio Area(ha) Percentage Ratio Ratio 
Original 5X5 1 15.1 21.16 319.52 0.1425 4.46 0.05 0.23 
2 40.105 27.92 1119.73 0.5025 4.49 0.18 0.82 
3 37.23 26.43 983.99 0.7025 7.14 2.76 0.25 1.82 9.18 
4 7.11 25.7 182.73 0.4750 26.00 0.17 4.47 
5 74.84 27.94 2091.03 0.4800 2.30 0.17 0.40 
6 29.05 18.1 525.81 0.4575 8.70 0.17 1.44 
10X10 1 1.54 22.7 34.96 0.0800 22.88 0.03 0.77 
2 50.71 27.85 1412.27 0.6800 4.81 0.29 1.38 
3 57.164 26.52 1515.99 0.8700 5.74 2.37 0.37 2.11 6.23 
4 19.1 27.12 517.99 0.1400 2.70 0.06 0.16 
5 27.68 30.36 840.36 0.6000 7.14 0.25 1.81 
20X20 1 36.95 13.15 485.89 0.6400 13.17 0.24 3.15 
2 50.28 27.35 1375.16 0.8400 6.11 2.68 0.31 1.91 7.16 
3 46.22 26.43 1221.59 0.7600 6.22 0.28 1.76 
4 75.9 28.36 2152.52 0.4400 2.04 0.16 0.34 
30X30 1 37.54 20.51 769.95 1.8900 24.55 0.41 10.11 
2 72.54 27.6 2002.10 1.5300 7.64 4.59 0.33 2.55 14.68 
3 52.47 28 1469.16 1.1700 7.96 0.25 2.03 
Table A-8 Area Ratios for ADW 3 (continued) 
Set 2 5X5 1 16.75 2.87 48.07 0.2925 60.85 0.17 10.08 
2 1.1 21.81 23.99 0.0450 18.76 0.03 0.48 
3 37.91 27.17 1030.01 0.5300 5.15 1.77 0.30 1.55 14.45 
4 59.9 26.94 1613.71 0.7950 4.93 0.45 2.22 
5 17.81 27.35 487.10 0.1025 2.10 0.06 0.12 
10X10 1 42.62 18 767.16 0.5500 7.17 0.15 1.11 
2 50.96 26.6 1355.54 0.5900 4.35 3.55 0.17 0.72 21.67 
3 63.41 26.6 1686.71 0.8900 5.28 0.25 1.32 
4 12 29.3 351.60 1.5200 43.23 0.43 18.51 
20X20 1 84.91 18.14 1540.27 1.2400 8.05 0.44 3.52 
2 68.5 27.3 1870.05 1.2000 6.42 2.84 0.42 2.71 6.54 
3 64.17 27.82 1785.21 0.4000 2.24 0.14 0.32 
30X30 1 101.64 22.48 2284.87 2.4300 10.64 0.82 8.70 
2 53.35 27.47 1465.52 0.5400 3.68 2.97 0.18 0.67 9.37 
8 
Table A-8 Area Ratios for ADW 3 (continued) 
Set 2 5X5 1 16.75 2.87 48.07 0.2925 60.85 0.17 10.08 
2 1.1 21.81 23.99 0.0450 18.76 0.03 0.48 
3 37.91 27.17 1030.01 0.5300 5.15 1.77 0.30 1.55 14.45 
4 59.9 26.94 1613.71 0.7950 4.93 0.45 2.22 
5 17.81 27.35 487.10 0.1025 2.10 0.06 0.12 
10X10 1 42.62 18 767.16 0.5500 7.17 0.15 1.11 
2 50.96 26.6 1355.54 0.5900 4.35 3.55 0.17 0.72 21.67 
3 63.41 26.6 1686.71 0.8900 5.28 0.25 1.32 
4 12 29.3 351.60 1.5200 43.23 0.43 18.51 
20X20 1 84.91 18.14 1540.27 1.2400 8.05 0.44 3.52 
2 68.5 27.3 1870.05 1.2000 6.42 2.84 0.42 2.71 6.54 
3 64.17 27.82 1785.21 0.4000 2.24 0.14 0.32 
30X30 1 101.64 22.48 2284.87 2.4300 10.64 0.82 8.70 
2 53.35 27.47 1465.52 0.5400 3.68 2.97 0.18 0.67 9.37 
00 
CO 
Table A-8 Area Ratios for ADW 3 (continued) 
Set 4 5X5 1 28.76 1.73 49.75 0.4250 85.42 0.29 4.47 
2 9.94 22.92 227.82 0.1025 4.50 0.07 0.40 
3 27.91 26.68 744.64 0.3275 4.40 1.48 0.22 1.44 28.66 
4 11.02 27.6 304.15 0.3225 10.60 0.22 0.77 
5 17.9 26.45 473.46 0.1225 2.59 0.08 1.38 
6 23.32 29.48 687.47 0.1800 2.62 0.12 2.11 
10X10 1 83.6 20.87 1744.73 0.9500 5.44 0.38 0.16 
2 80.54 26.68 2148.81 1.0000 4.65 2.51 0.40 1.81 4.59 
3 36.51 27 985.77 0.3600 3.65 0.14 3.15 
4 34.98 29.28 1024.21 0.2000 1.95 0.08 1.91 
20X20 1 157.67 18.32 2888.51 2.2000 7.62 0.44 1.76 
2 24.11 26.4 636.50 0.3600 5.66 5.00 0.07 0.34 15.76 
3 33.34 29.77 992.53 2.4400 24.58 0.49 10.11 
30X30 1 145.06 24.06 3490.14 2.3400 6.70 2.88 0.81 2.55 6.11 
2 53.98 28.3 1527.63 0.5400 3.53 0.19 2.03 
USGS 30X30 1 56.03 19.18 1074.66 0.9000 8.37 0.33 10.08 
2 141.98 27.9 3961.24 1.8000 4.54 2.70 0.67 0.48 5.82 
g 
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